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ABSTRACT
Coagulation is one o f the standard processes in potable water and wastewater 
treatment, for destabilising colloidal and dissolved pollutants and. producing large 
floes which can be removed from the water in subsequent solid/liquid separation 
processes. Aluminium and iron ferric salts are common water treatment coagulating 
chemicals.
The natural mineral clays have attracted a great deal of research interest; the potential 
use of natural and modified clays as adsorbents for treating heavy metals and organic 
pollutants, or as coagulants for enhancing the settling performance and chemical 
oxygen demand (COD) removal in wastewater treatment have been investigated and 
applied practically. Nevertheless, the application o f modified clays as coagulants has 
not been studied thoroughly. In particular, there are no published research results of 
using modified clay coagulants for sedimenting natural organic matter removal, algae 
control and car-washing wastewater treatment. This study aims to examine the 
comparative performance of modified clay coagulants for water and car-washing 
wastewater treatment. And the objectives o f this study were; 1) to characterise the 
physicochemical properties o f various raw clays and Al/Fe-modified clay coagulants 
by the analysis of various property parameters, 2) to optimise the PAC preparation 
for the preparation o f Al-modified clays, 3) to isolate and purify the sedimentary 
natural organic matter from the Daecheung lake in Korea by using acid-base method, 
and to characterise the resulting NOM, 4) to evaluate the comparative performance 
o f metal-based coagulants and Al/Fe-modified clays in the removal o f humic and 
fiilvic acids in terms o f the reduction o f turbidity, UV254, and colour (UV42o-abs), 5) 
to evaluate the removal efficiency o f algae {Microcystis aeruginosa) by coagulation 
with conventional coagulants and Al/Fe-modified clays in terms o f reduction of 
chlorophyll-a and turbidity, and 6 ) to evaluate the treatment performance o f car 
washing wastewater with various modified and raw clays in comparison with 
conventional metal-based coagulants.
The main findings arising from the work detailed in this thesis are as follows:
Raw-montmorillonite KSF makes a lower pH level (pH 1.8) than the other raw and 
modified clays when it is put into water. This results in a high leaching of 
concentrations, when it was used as coagulant in water treatment. This limits its use 
in practice for drinking water treatment.
The characteristics of humic substances obtained from the Daecheung lake sediment 
were consistent with those from other aquatic and sedimentary humic substance 
sources.
In the removal o f humic and fulvic acids by coagulation, for all types of coagulants, 
coagulation at initial pH 6.5 was more favourable than at initial pH 7.5. The 
comparative performance demonstrated at initial pH 6.5 and 7.5 that raw-KSF had 
the biggest effect on the final pH level drop down while P-KSF and raw-Kl O showed 
the smallest drop in pH level. The order o f turbidity removal could be expressed as:
11
Al/Fe-KSF>PAC=Fe-KSF>Raw-KSF>AS>FS>Al/Fe-K10>Fe-K10. Overall, in the 
treatment o f humic acid water, the order o f the removal of UV254 and VIS42o-abs was 
Raw-KSF (with great pH decreasing >  AS ~  Al/Fe-KSF ~  Fe-KSF>PAC ~  Fe- 
K10>A1/Fe-KSF>FS, and in the treatment o f fulvic acid, the order o f the UV254-abs 
and VIS42o-abs removal was Raw-KSF~AS ^  FS > Fe-KlO > A l/Fe-KSF-Fe-KSF 
> PAC > Al/Fe-KlO. Obviously, modified clays (e.g., Al/Fe-KSF) improved the 
turbidity removal but did not improve the UV254-abs and UV-Vis42o-abs removal.
Comparative coagulation results in the treatment o f algae-containing model waters 
demonstrated that AS and PFS achieved 95% turbidity removal and PAC and PFS 
achieved more than 90% C/z/-a removal. For KSF clay-based coagulants, the order of 
turbidity removal was P-KSF > raw-KSF > Fe-KSF > Al-KSF > Al/Fe-KSF and the 
order o f C/?/-a removal was Al-KSF > raw-KSF = Al/Fe-KSF > all others. For KIO 
based clays, the order o f turbidity removal was Fe-KlO = P-KIO > all others. Raw- 
KIO was found to have no turbidity removal function. In terms o f the C/z/-a removal, 
almost all the coagulants showed 81% or higher efficiency. In particular, P-KIO 
showed 96% Chl-o. removal over the entire dosages. Overall, P-KSF and raw-KSF 
demonstrated the best C/z/-a removal.
In the treatment o f car washing wastewater, Fe-KSF and Fe- or Al-KlO can achieve 
the highest oil removal efficiency. For a low dose of clay, 200 mg/L (equivalent to a 
metal dose o f 0.06 mM as metal), the Fe-KSF and Fe- or Al-KlO can remove 95% of 
oil but for the same metal dose, PAC can only remove about 80%. P-KSF coagulant 
can achieve the greatest removals o f suspended solids and COD in comparison with 
the PAC and other clay-based coagulants.
From this study, it can be concluded that montmorillonite can be modified with the 
acid, mixing polymeric Al/Fe species or a cationic polymer. And the resulting 
modified clay coagulants possess the specific properties to react with particles, 
organic constitutes and oils, and can be used as coagulants for treating NOM, 
controlling algae and remediation o f car-washing wastewater. The modified c la y . 
coagulants thus represent a new type o f coagulant having high potential in the 
treatment o f various water and wastewaters over and above conventional coagulants.
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ABBREVIATIONS
ABS Absorbance
AD Alzheimer’s disease
Al-KSF Montmorillonite KSF treated with PACl
Al-KlO Montmorillonite KIO treated with PACl
Al/Fe-KSF Montmorillonite KSF treated with PACl and PFCl
Al/Fe-KlO Montmorillonite KIO treated with PACl and PFCl
AMWD Apparent molecular weight distribution
AS Aluminium sulphate
AWWA American Water Works Association
BOD Biochemical oxygen demand
CBPs Chlorination by-products
CEO Cationic exchange capacity
COD Chemical oxygen demand
DBPs Disinfection by-products
DCAA Dichloroacetic acid
DMDAAC Dimethyldiallylammonium Chloride
DOM Dissolved organic matter
FA Fulvic acid
Fe-KSF Montmorillonite KSF treated with PFCl
Fe-KlO Montmorillonite KIO treated with PFCl
FS Ferric sulphate
HA Humic acid
HAA Haloacetic acid
HS Humic substance
KSF Montmorillonite treated with acid supplied by Aldrich
KIO Untreated montmorillonite supplied by Aldrich
MINS Minutes
mM mili-molar concentration (mol per litre)
IV
ND Not detected
NDIR Non-dispersible infra-red
NOM Natural organic matter
NPTOC Non-purgeable total organic carbon
PAC Poly (aluminium chloride)
P-KSF KSF treated with organic polymeric flocculants
PFC Poly (ferric chloride)
PZC point o f zero charge
Raw-KSF Unmodified montmorillonite KSF
Raw-KlO Unmodified montmorillonite K10
RO Reverse osmosis
RPM Round per minute
SS Suspended solids
SUVA Specific UV absorbance
STHMFP Specific trihalomethane formation potential (THMFP/DOC)
TCAA Tricholoroacetic acid
THM Trihalomethane
TOC Total organic carbon
TOX Total organic halide
TTHMFP Total trihalomethane formation potential
USEPA United States Environmental Protection Agency
uv Ultra violet
UV-Vis Ultraviolet- visible
WHO World Health Organisation
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CHAPTER 1 INTRODUCTION 
1.1 Research Background
1.1.1 Natural Organic Matter and Algae in Drinking Water
1.1.1.1 NOM and Disinfection by-products
Natural organic matter (NOM) is generally defined to represent the organic 
constituents originating from plants and animals present in nature. Thus, it includes 
identifiable, high-molecular-weight organic materials such as polysaccharides and 
proteins, simpler substances such as sugars, amino acids, and other small molecules, 
and humic substances. Here, humic substance (HS) is defined as a series o f relatively 
high-molecular-weight, brown to black colored substances formed through the 
chemical and biological humification o f plant and animal matter and through the 
biological activities o f micro-organisms. The NOM is therefore used as a generic 
name to describe colored material, and its fractions are obtained on the basis of 
solubility characteristics; humic acid (HA) is insoluble at pH <2, fulvic acid (FA) is 
soluble in all pH conditions and humin is not soluble in water under all pH 
conditions. It is estimated that humic substances make up 60-70% (Woodwell et al, 
1978) or 80% (Hayes et al., 1998) o f organic matters in soil, and 30-50% (Thurman 
et al., 1981) or 50-90% o f dissolved organic matters (DOMs) existing in fresh water 
(Hayes et al, 1989).
Chlorination has not only been adopted for the disinfection to prevent the 
spread o f waterborne diseases but also been expanded in application to control 
ammonia, algae, inorganic reducing agents such as hydrogen sulphide, Fe^ '*’, Mn^^ 
and N0^‘ in water treatment plants. However, chlorine also reacts with other 
halogens, phenols and humic substances in water. For example, hypochlorous acid 
(HOCl), which derived from the reaction o f chlorin with water, reacts with bromide, 
phenol and humic substance to form hypobromous acid, chlorophenols, and 
trihalomethanes (THMs). After the discovery o f disinfection by-products (DBPs), 
such as THMs, in chlorination process, the focus of research has been set on the 
investigation of dissolved organics, mainly NOM (Rook, 1974, 1976, 1977; Gang et 
al., 2003). In Korea, accoding to the National Water Quality Guidelines for drinking 
water, the maximum concentration o f THMs has been set at 100 jUg/L since June 
1990.
It is assumed that aquatic NOMs are mostly orginated from sedimentary NOMs 
in a lake’s water environment (Paaso et al., 2002). Thus, investigations on NOM
residing in lakebeds and its relationship with trihalomethane formation potentials 
(THMFPs) have been carried out due to the significance o f the matter (Chen et ah, 
2001).
In this context, sedimentary NOM from Daechung Lake which is a local 
drinking water reservoir for Korea’s central region was selected for this study. The 
physiochemical characterisation and the removal efficiencies o f sedimentary NOM 
under various conditions o f coagulation were studied.
1.1.1.2 Algae and its effects on drinking water
Algae are most commonly found in aquatic habitats. Algae use photosynthesis 
to form organic food molecules from carbon dioxide and water, and are therefore 
basic producer in the food web as well as plants.
Climate conditions such as temperature, sunlight, and turn over o f waterbody in 
spring up to late autumn are ideal for algal growth in Korea, and it is also developed 
extremely well in slow moving streams such as lakes, or in a river’s downstream. 
Generally, for the growth o f algae, nutritional elements especially nitrogen and 
phosphorus must exist in adequate amounts (it is called Eutrofication), and also the 
warm temperature and strong sunlight are favourable. But even if  all growth 
conditions for algae are satisfied, the time, extent and period of occurrence can vary 
widely, since algae can increase or die out rapidly according to weather conditions 
such as the amount of rainfall and the intensity o f sunlight, as well as changes in pH 
and other conditions (Lee J.H., 1997).
Very rapid growth of algae may lead to the formation o f “algal blooms” or 
“scums”. They can therefore cause problems in the water supply industry, such as 
water discolouration, taste, odour and blockage o f filters. In particular, these can also 
be toxic to humans and other organisms. Therefore, the blooming of “blue green 
algae” (cyanophyta or cyanobacteria) does not only result in bad water quality, but 
also the death o f animals that drink the poisoned water (Lee S.W., 1997).
In Daechung Lake, which is located in the middle o f Korea, algae have 
occurred more than 70 days each year for the last few years. The dominant algae are, 
in most areas. Microcystis and Anabaena genus (“blue green” cyanobacteria) (Lee 
J.H.,1997).
Therefore, in this study Microcystis aeruginosa sp. was artificially cultured in 
order to study its growth characteristics and evaluate the removal efficiency by 
various coagulants.
1.1.2 Car Washing Wastewater
Car-washing effluents contain a lot o f synthetic detergent, anti-freezing agent, 
waste oils, soils and heavy metals and will cause a range o f problems if  they are not 
treated properly. For example, when the untreated car-washing wastewater is 
discharged into surface water, suspended oily materials will be spreaded on the 
surface of the water, which interrupts the oxygen transfer into water and reduces the 
dissolved oxygen concentration in surface water and therefore deteriorates the 
surface water quality. Also, the oily materials of car-washing wastewater can block 
the discharge pipes and also interfere with the activated sludge process due to 
preventing oxygen transfer if  it is discharged into the sewers and brought into 
wastewater treatment plant directly.
The general processes for the treatment o f car-washing wastewater in Korea 
include sand filter, oil/water separator and coagulation/sedimentation. In some cases, 
membrane is used additionally to reuse treated water. Normally, the treatment 
efficiency o f car-wash wastewater is not enough and in most cases, the oil and 
suspended solids (SS) concentrations in the treated effluent can exceed the waste 
discharge standards.
Therefore, alternative processes or new treatment chemicals are required to be 
investigated in order to improve the general performance o f the car-washing 
wastewater treatment.
1.1.3 Al/Fe-Modified Clays as a Coagulant
In order to find an effective method for the treatment o f drinking water and 
wastewater, many researches have been carried out including the application of 
enhanced coagulation, ozonation, and adsorption and membrane technology. In 
relation to the coagulation process, a lot o f researches on the use o f various 
coagulants and changes in coagulation conditions are being conducted in order to 
enhance treatment performance.
Natural clay minerals have attracted a great deal o f research interest; the 
potential use of natural or modified clays as adsorbents for treating heavy metals and 
organic pollutants, or as coagulant aids for improving the settling performance in 
coagulating low particle content water have been investigated. Actually, several 
published researches (e.g., Yu et al., 1999; Jiang et al., 2002, 2003, 2004) have 
suggested using modified clays as coagulants for water and wastewater treatment. 
Nevertheless, the application o f modified clays as coagulants has not been studied 
thoroughly and there is no published research using various modified clay coagulants 
for algae control, sedimentary NOM removal and car-wash wastewater treatment.
This study thus aims to examine the comparative performance o f modified clay 
coagulants for water and car-wash wastewater treatment and the detailed objectives 
can be seen in the following section:
1.2 Research Objectives
The main objective o f this study is to obtain a better understanding o f the 
performance of Al/Fe-modified clays as a coagulant for water treatment particularly 
for the removal o f algae and NOM and for the treatment o f car wash wastewater. The 
specific objectives are summarised as follows:
• to characterise the physicochemical properties o f various raw clays and Al/Fe-
modified clay coagulants by the analysis o f pH, swelling, coagulation capability, 
surface area and X-ray diffraction, and ion exchange capacity (CEC), X-ray 
Fluorescence, FT-IR, surface charge density and acidity.
• to optimise the PACl preparation for the preparation o f Al-modified clays.
• to isolate and purify the sedimentary natural organic matter firom the Daecheung
lake in Korea. And to characterise the resulting NOM by the analysis of 
molecular size distribution, organic concentrations as DOC, UV254 , SUVA, 
THMFP, surface functional groups and charge density.
• to evaluate the comparative performance o f conventional coagulants and Al/Fe-
modified clays in the removal of humic acid and fulvic acid in terms o f the 
reduction of turbidity, UV254, and colour (UV42o-abs).
• to evaluate the removal efficiency of algae {Microcystis aeruginosa) by
coagulation with conventional coagulants and Al/Fe-modified clays in terms of 
reduction of chlorophyll-a and turbidity.
• to evaluate the treatment performance o f car washing wastewater with various 
modified and raw clays in comparison with conventional metal-based coagulants.
The research work programme is summarised in the following flow chart.
1.3 Flow Chart of the Research
Isolation of 
NOM
Culturing o f Algae
Application to 
Wastewater Treatment
Characterization of 
Car wash effluent
Literature Review
Writing of Thesis
Evaluation o f the 
Removal o f NOM 
by Coagulation
Evaluation of 
the Removal of 
Algae by 
Coagulation
Application to Water Treatment
Evaluation o f the 
Treatment o f 
Car Wash Effluent by 
Coagulation
Preparations and Characterizations of 
Al/Fe-Modified Clays using established 
procedure
1.4 Overview of the Thesis Structure
The thesis is divided into five chapters. An overview of the fundamental 
theories and state o f the art on the coagulation/flocculation and clay minerals related 
to this study is presented in Chapter 2. This chapter also contains a literature review 
o f NOM and Algae. Chapter 3 describes the materials and experimental methodology 
used in this study. Chapter 4 describes and discusses the results and it consists of 
seven main sections. Section 4.1 describes the physicochemical properties of various 
raw clays and modified clays used in this study. In section 4.2, optimising o f the 
PAC preparation by ferroh method is presented for modifying clays with this 
polymeric inorganic coagulant in this study. Section 4.3 describes the characteristics 
o f isolated natural organic matter (NOM). Comparative coagulation performance by 
metal based coagulants and modified clays in the removal of humic and fiilvic acids 
are presented in section 4.4 and 4.5, respectively. Section 4.6 describes the 
coagulation performance o f metal-based monomeric and polymeric coagulants, raw 
clays and modified clays on the removal o f Mycrosystis aeruginosa together with the 
growth property o f the algae. As a final sub-topic, evaluation o f metal-based 
monomeric and polymeric coagulants, raw clays and modified clays on the treatment 
o f car wash wastewater is discussed in section 4.7. Chapter 5 presents conclusions o f 
main findings o f this study and all important results.
CHAPTER 2 LITERATURE REVIEW
2.1 Aquatic Colloids and Their Interfacial Phenomena
2.1.1 Aquatic Colloids
The pollutants in water can be classified into suspended solids, colloidal 
particles and atom or molecule level impurities, which can be divided again into 
organic and inorganic compounds. They are summarized in Table 2.1.
Table 2.1. Pollutants in natural water
Types Inorganics Organics
Atom or molecule 
level impurities
Insoluble
Silica
Most carbonate 
Most phosphates 
Most silicates 
Most hydroxides 
Most sulfides
Organic
compounds
Soluble
All nitrates 
Most chlorides 
Most sulfates 
Toxic Metal ions 
(Cu,Pb, Hg, Cr)
THMs
Pesticides
Colloidal particles
- Clays
- Macromolecules: Fulvic acids, Humic acids,
Proteins, Polysaccharides
- Bacteria
- Viruses
Suspended solids - Bacteria, Algae, Silt, Sand
Colloidal particles cause most of turbidity in water. Colloidal dispersions 
consist of discrete particles that are separated by the dispersion media. The particles 
may be aggregates of atoms, molecules, or mixed materials that are considered larger 
than individual atoms or molecules but small enough to possess properties greatly 
different from coarse dispersion. Colloidal particles normally range in size from
about 1 to 1000 nm (0.001 to 1 pm), and for the most part are not visible even with 
the aid of the ordinary optical microscope. The particle size o f pollutants in water 
and appropriate removal methods are shown in Figure 2.1.
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Fig. 2.1. Particle size ranges and appropriate separation method (Gregory, 2003).
2.1.2 Surface Charge and Interactions
2.1.2.1 Surface Charge of Colloids
Particles scattered in water always have a surface charge (coulombs/m^), 
which results from the ionization o f surface fiinctional groups of solid particles, 
adsorption of certain ions on it.
Biological surfaces always have a charge as a result o f the acid /base reaction 
by protonation/deprotonation o f surface hydroxyl groups. In this case, the surface 
charge is greatly affected by the solution’s pH where their surface is charged to a (+) ' 
value at a low pH, and to a (-) value at a high pH. This characteristic can be 
represented by a pH value at point of zero charge (pzc, it is often called isoelectric 
point). The charging phenomenon o f the proposed biological surfaces is illustrated in 
Figure 2.2.
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Fig. 2.2. Surface charge development by ionization of surface groups.
The point of zero charge (pzc) occurs at a characteristic pH 
value (Sincere et al, 2003).
For oxides such as aluminium or iron oxides, the charging mechanism can be 
expressed as follows. The range of point o f zero charge for oxides is wide, its value 
is approximate, and it varies according to the characteristics of oxides. An example is 
as follows.
M-OHz"  ^^  M-OH ^  M -0 '
(PZC)
Oxide: SiO] TiO] FezO] AI2O3 MgO
PZC: 2.2 4.5 6.7 8.0 12.4
No matter what the cause of the surface charge, colloidal particles are 
associated with counter-ions that have an appropriate number o f counter-charges in 
solution. Therefore, a solution considered as a whole cannot have a net charge.
2.1.2.2 Electrical double layer
The surface charge of particle generates an electrical double layer with its 
counter-ions in the solution. These counter-ions have two contradictory tendencies: 
one is the electrostatic attraction force towards a charged surface, and the other is the 
tendency to randomize due to Brownian movement. The balance between these two 
tendencies determines the structure of the electrical double layer. For simplicity, a 
simple model in which a flat surface is assumed is shown in Figure 2.3.
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This model, proposed by Stem in 1924 (cited by Van Olphen, 1977), is used to 
describe the distribution o f electric potentials. A colloidal clay particle with a 
negative surface charge can be illustrated as in Figure 2.3. The electric potential 
generated by the particle’s surface charge attracts counter-ions that have the opposite 
charge. According to Stem, the shortest distance where the counter-ions move 
toward the particles is limited by the ion’s size. The distance between the center of 
counter-ions and the particle was termed the Stem layer (fi), which is a distance 
roughly equal to the radius of a hydrated ion (Fig. 2.3 (a)). The electrical potential 
starts at (surface potential or Nemst potential, in volts or millivolts) and 
decreases linearly to the Stem potential, y/ç^, across the Stem layer. At the Diffuse or 
Gouy layer after the Stem potential point, the electrical potential decreases 
exponentially as the distance from the particle increases (Benefield et al., 1982).
stern layer
Diffuse layer
Stern layer
+ A____Position of
^  stern ionsI
- —  Plane of shear
•Plane of shear Distance from particle surface
(a) Distribution o f charges in the (b) Distribution o f potential in the
vicinity of a colloidal particle electrical double-layer
Fig. 2.3. Stem's model for the electrical double layer (Van Olphen, 1977)
The strength o f the charge existing on the colloid particle’s surface cannot be 
measured directly. However, by measuring the electrophoretic mobility o f particles, 
the potential on a particle at a certain distance can be calculated indirectly. This 
potential is called Zeta potential, Zp, and it is defined as the electrical potential at the 
slipping plane (plane of shear) between a particle and flowing matter. It is expressed 
as follows.
Zp=47rqô/D 
where, Zp=zeta potential
q= charge on the particle
ô=^hickness o f the zone of influence of the charge on the particle 
D= dielectric constant o f the liquid.
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Since this slipping plane is generally assumed to be close to the Stem plane, the 
Zeta potential can be used instead o f the Stem potential. The decrease o f the potential 
at the diffuse layer can be expressed as follows.
y/ exp(-Kx)
Here, x is the distance from the Stem plane and k is the Debye-Htickel parameter, 
which determines the rate o f potential decrease with distance.
The Debye-Hiickel parameter, k, is expressed as an inverse value o f distance 
(m‘ )^, and depends on ionic valence (Zi) and molar concentration (Ci) of the ionic 
species i in the solution. It is expressed as follows in a 25 °C solution.
K= 2.32x10'’7 0 ^
Therefore, distance 1/ x refers to the thickness o f the diffuse layer, which is 
about 1-lOOnm in a typical salt solution. For example, it is about 30nm in a NaCl 
solution of 10‘^ M. In natural water with a high concentration o f dissolved salt, the 
value is much lower (approximately 4nm). Therefore, the thickness o f the electrical 
double layer, which is generated when colloid particles with surface charge exist in 
water, is determined by the magnitude o f the particle’s surface charge and the 
valence and concentration o f the counterion.
Another important effect that can be seen in a solution in which counter-ions 
with high charges are dissolved is the occurrence o f special adsorption on the 
charged surface o f the Stem layer. This means that adsorption not only occurs by 
electrostatic attraction, but also by a specific or chemical interaction. Therefore, 
adsorption can occur beyond the charge neutralization point, and be the cause o f a 
charge reversal. Such a concept is shown in Figure 2.4.
12
(0
c
%
û_ Distance
+
Fig. 2.4. The electrical double layer at a negatively charged surface for (a) low, (b) 
high concentration of indifferent electrolyte and (c) shows the effect of 
specifically adsorbing cations (charge reversal) (Gregory, 2003).
2.1.2.3 Interactions betweens Colloids
The forces or effects acting between particles in water are summerised:
- van der Waals attraction
- Electric interaction, usually giving repulsion
- Hydration effects, associated with bound water
- Steric repulsion, associated with adsorbed layers on particles
- Bridging by adsorbed polymer giving an attraction
However, the energy acting between particles in a common water solution can
be largely divided into Van der Waals attraction, the repulsion force by particle
surface charge, and the energy by hydration effect (Gregory, 2003).
1) van der Waals attraction: Va=- Aa/12d
where. Va: van der Waals interaction energy 
A: Hamaker constant 
a: radius of equal spherical particles 
d: distance between particles
The Hamaker constant A differs according to a particle and the water’s
characteristics. It is in the range of approximately 5 - 100x10'^' Joule for aqueous
suspension. Generally, biological particles such as bacteria or algae have low values, 
while inorganic particles with high density have very high values. A negative sign (-)
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refers to the attraction force. This equation applies only to very close approach, 
where d « a ,  but the interaction is often negligible at large distance. Therefore, the 
energy is proportional to the size o f the particles and dependent on the distance. As 
such, it becomes large if  particles are close to each other.
2) Electric interaction: V r =2 Trea^ exp (-/cd)
where, a: radius o f spherical particles 
e: electron charge 
d: distance between particles 
^  zeta potential 
/c: Debye-Hückel parameter
The strength o f a repelling force greatly depends on the Zeta potential ^  but the 
range o f action is determined by the Debye-Hiickel parameter k ; therefore, it is 
determined by the dose o f dissolved salt. Figure 2.5 illustrates the action o f the 
charged particles in (a) low concentration o f salt in water solution, and (b) high 
concentration of salt in water solution. The figure shows that the thickness o f the 
diffuse layer differs in each case.
+  + +
(a) (b)
Fig. 2.5. The overlap o f their diffuse counter-ion layers in (a) low and
(b) high ionic strength solutions (Gregory, 2003).
3) Hydration effects
The properties o f water in contact with particles can differ due to a variety o f 
factors. Most particles have a surface charge that enables the hydration o f ionic 
surface groups in solution. Some particles of biological origin have various 
hydrophilic materials such as proteins or polysaccharides and can therefore have 
huge amounts o f bound water. Such bound water plays a specific role in the action 
between such particles. Therefore, the approach between two particles with hydrated
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surfaces will be generally subject to cohesion impairment by a repulsion force that is 
clearly distinguished from the electric double layer repulsion force, that is, the 
hydration repulsion. This force increases with the hydration level o f counter-ions 
(Li^ «Na"^ > > Cs^), and decreases almost exponentially within a range of 1.5 to 4
nm.
2.1.3 Streaming Potential and Surface Charge Measurements
It is frequently found that the “optimum dosage” o f the coagulant/flocculant is 
close to that required to neutralise the surface charge carried by the particles, 
although there are many important exceptions (Gregory, 1996). Most dissolved 
organic material (DOM) is colloidal in natural waters and is anionic in character and 
can be effectively removed by cationic additives, such as hydrolysing metal salts. In 
these cases there is a close stoichiometric relationship between the anionic charge 
carried by the DOM and the cationic charge o f the additive; therefore, optimum 
dosages can be predicted if  the appropriate charge information is available 
(Bernhardt and Schell, 1993).
The charge carried by dissolved macromolecules or colloids can be 
conveniently determined by the technique of colloid titration method (Terrayama, 
1952) using the stoichiometric reaction between oppositely charged polyelectrolytes 
with visual titrimetry, potentiometry, conductimetry, spectrophotometry, 
phototitrimetry, turbidimetry and streaming current detector (SCD) methods using an 
electrokinetic technique for endpoint detection, most of the problems associated with 
colloid titration by the indicator method are avoided (Kam and Gregory, 1999).
Electrokinetic phenomena
In principle, there are several options for determining the surface potential of 
colloids. All these methods rely on one o f the four electrokinetic phenomena.
However, a potential cannot be measured directly. Instead, the particles have to 
be exposed to forces o f some kind, such as to an electric field (electrophoresis). 
Within this electric field, the faster the particles move, the higher their surface charge 
is. From the migration rate of the particles the zeta potential can be theoretically 
calculated. Conversely, a measurable voltage or a current is directly induced if  a 
liquid is caused to flow in a certain direction - along a charge-carrying solid phase 
that is stationary. This current is called streaming potential.
15
The Particle Charge Detector relies on the streaming current principle as an 
electrokinetic phenomenon. A displacer piston is fitted into a cylindrical test cell 
with a very small clearance between piston and cell wall (Fig.2.6).
The centred displacer piston performs a continuously oscillating movement. 
Colloidally dissolved charge carriers adsorb on the vessel wall, whereas the solid 
particles in a liquid medium are inert. The bonded colloidal charge carriers do not 
follow the vigorous liquid flow that is induced by the oscillating piston. 
Consequently, the counterions (i.e. the diffuse layer) o f the particles and adsorbed 
polymers are sheared off or separated. This is because the ions are entrained with the 
liquid flow. In the flow, a distortion voltage called streaming current can be 
measured.
The current that is measured is influenced by numerous parameters that in part 
cannot be determined. So the streaming current alone does not give any meaningful 
quantitative results. It only indicates the positive or negative overall charge o f the 
suspension. However, charge quantification is readily possible by conducting a 
polyelectrolyte titration with the Particle Charge Detector (PCD).
Prior to measurement, a sufficient sample portion - i.e. 10-20 ml test sample or 
flocculant solution - is filled into the test cell o f the PCD device. Switching on the 
piston motor will induce a streaming current, and the charge sign o f the sample under 
test will be indicated on the display. Following this, a titrant o f opposite charge is 
added into the test cell until the point o f zero charge (streaming current = 0 mV is 
reached). The titrant consumption indicates both the exact fi*ee charge and the 
coagulant/ flocculant addition required for optimized flocculation. Titration can be 
done with a pipette or with an automatic end point titrator that terminates the titration 
process automatically and records the requisite flocculant dosage.
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Apiston
test vessel 
sample
electrodes
Fig. 2.6. Test cell o f the Particle Charge Detector (Bley, 1994)
The surface charge density (C/cm^) theoretically refers to the total surface area 
of the particles. In practice, this surface charge density can hardly be calculated; this 
is why the terms “relative charge quantity” in jueq/g or “anionic or cationic demand” 
in ml are being used instead. The specific charge density is calculated by the 
following formula (Bley, 1994):
Titration consumption (Z) x concentration {eq IL) _
Active material o f  sample {g)
Specific charge density (eq/g)
Multiplication of the specific charge density by the Faraday constant gives the 
common unit Coulomb per unit weight, C/g. The concentrations of the standard 
polyelectrolyte solutions used for titration can be precisely preset so that the titration 
results are comparable. Heterogeneous systems, which consist of colloidally, 
dissolved and undissolved particles yield very typical titration characteristics with 
points of inflection. These originate from the fact that the titrant primarily neutralizes 
solute matter.
Characterization of Coagulant/FIoccuIants by PCD
Basically, flocculants may be classified into three categories: inorganic 
flocculants, e.g. hydrolysed iron or aluminium salts; organic polyelectrolytes; other 
chemicals, e.g. oxidants, lime milk.
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Inorganic coagulants can be assessed indirectly with a particle charge detector. 
However, when directly analyzing the charges o f aluminum or iron salts, it should be 
taken into account that, depending on the pH of the medium, these coagulants are 
present either in the form of polyvalent ions or as low-molecular hydroxo 
compounds. Since their molecular mass has to be at least about 200 g/mol for charge 
detection to be precise, the aluminum compound, for instance, can only be assessed 
at pH 5 or over. Only in this pH range will the higher-molecular structure o f a 
hydroxo compound be detected. In contrast to inorganic flocculants, organic 
flocculants allow a quick and direct determination o f their active charges at all pH 
levels (Bley, 1994).
To quantify the charge quantity by titration, an anionic or cationic polymer of 
medium molecular weight should be used as a titrant, whose charge density should 
be largely pH-independent. A cationic poly dimethyldiallylammonium chloride -  
poly-(DMDAAC) or methyl glycol chitosan solution is recommended for use with 
anionic samples and an anionic sodium polyethylene sulfate (PES-Na) or potassium 
polyvinyl sulfate solution for cationic samples (Bley, 1994).
Table 2.2. Comparison o f various flocculants in terms o f charge density 
(Bley, 1994)
Product
No.
Desorption Specific charge density 
(iJeq/g)
1 Poly-DMDAAC, low-molecular + 6 175
2 Poly-DMDAAC, higher-molecular + 5 485
3 DMDAAC copolymerisate/modif. acrylamide + 5 233
4 Quatemised polyaminoacrylate + 5 066
5 Acrylate based copolymer + 4 661
2.2 Basic Theory of Coagulation/Flocculation
2.2.1 Definitions
The coagulation process, which is sometimes called the coagulation/ 
flocculation process, is defined as the destabilization o f particles by single 
electrolyte or salt. Flocculation is a phenomenon in which destabilized particles form 
large floes.
As shown in Fig. 2.7, a certain energy barrier ( V t) will exist according to the 
relative contributions o f the repulsive force ( V r), attraction force ( V a ) and the core 
repulsive interaction ( V cr); this energy barrier prevents two particles from
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approaching each other. Particles are said to be stable if  such an energy barrier exists. 
Such a stable state occurs when the zeta potential o f the particles is high and the ion 
strength o f the solution is low. The ion strength affects the Debye-Hiickel parameter, 
k ; therefore, an area o f electrical repulsion is generated. As the ion strength increases, 
the repulsion force occurs within a more confined area. Therefore, the attraction 
force takes on relatively more importance. In addition, in a high concentration salt 
solution, the zeta potential always decreases, and this in turn reduces the repulsive 
force. As such, by increasing ion strength, the repulsive force is decreased so that the 
potential energy barrier (Vj) can be removed allowing the particles to coagulate at 
the fastest speed possible.
Vt = 2 TTea  ^exp (-/cd) - Aa/12d
V t= V a+ V r+ V cr
Vrep
Barrier Height
>
I
c£
g CR
0
g
Vsec mil
Vatt
Vpr min
Fig. 2.7. Potential energy for the interaction o f colloidal particles (cited 
by Huang et al, 2002)
The energy between two particles in Fig. 2.7 is expressed in terms o f kT; here, 
k  is the Boltzmann constant and T is the absolute temperature. If there is an energy 
barrier exceeding about 10 kT, it is very difficult for the colloiding particles to have 
sufficient energy to pass this barrier. If  the potential energy barrier is removed, the 
particles will be able to move close to each other and reach a deep primary minimum 
state. Theoretically, if  d=0, the Van der Waals force becomes infinite for the contact 
between particles. However, small repulsive forces that remain prevent actual contact
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so that the remaining attraction force is maintained indefinitely. The coagulated 
particles can then scatter once again.
Another feature that can be seen in Figure 2.7 is the existence o f a secondary 
minimum in the energy acting between particles. This occurs because the electrical 
repulsive force decreases exponentially as the distance between particles increases 
and vice versa. Therefore, if  it is properly isolated, the attraction force will always be 
larger than the repulsion force. For particles over 1 jxm, a clear attraction force can be 
induced even if  the energy barrier is high and the particles are in a stable colloidal 
state. In particular, while the secondary minimum can create a relatively weak 
coagulation, which can scatter again, so that it is very important in the low-speed 
stirring stage o f coagulation.
From the DLVO theory, the conditions for stability and coagulation can be 
predicted. In particular, it is possible to calculate the concentration of salt required to 
achieve rapid coagulation by removing the energy barrier, that is, the critical 
coagulation concentration (hereinafter referred to as CCC).
2.2.2 Prerequisite of Coagulation/Flocculation and Schulze-Hardy Rule
In order to destabilize colloids, it is necessary to reduce the repulsion force 
between particles. I f  the potential energy barrier is removed, the particles will be able 
to move close to each other and reach a deep primary minimum state. Theorefore, if  
d=0, the Van der Waals force becomes infinite for the contact between particles. By 
differentiating the total potential energy ( V t)  equation in terms o f the distance 
between particles, the condition at which point the potential energy barrier = 0 can be 
seen. That is,
dV—  = 0andV f=0
dd
Since such a condition occurs under CCC, if  the zeta potential is relatively low,
ccc°c^/A^Z^
The following expression applies to high Zeta potentials. This relationship is 
known as the Schulze-Hardy rule.
ccc=l/Z^
Salts, which are known as indifferent electrolytes, simply reduce the electrical 
repulsion force as well as the zeta potential.
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2.2.3 Salts, Restabilization and Optimum Coagulation Concentration
Salts with specifically adsorbing counterions attach to a particle’s surface not 
only by electrostatic attraction but also by chemical interaction, and they can change 
the surface charge o f particles. The fact that such a ‘super-equivalent’ adsorption 
occurs against the electrostatic repulsion means that there exists an additional 
attractive component, such as calcium ions, which are being adsorbed on surfaces 
where carboxylate groups exist. Salts with specifically adsorbing counterions are 
more efficient in destabilizing charged particles than general salts. Therefore, a lower 
concentration than estimated by simple DLVO theory can be used. In addition, 
unlike general salts which simply depend on ion strength, the CCC depends on the 
particle concentration (more exactly, the particle’s surface area). The reversal o f 
charge o f the particles can be occured, i f  excessive counterions are adsorbed. In such 
coagulants, CCC and critical restabilization concentration (CRC) exist. An 
optimum coagulation concentration or optimum dosage o f coagulants exists between 
these two concentrations. The range o f optimum dosage corresponds to the 
concentration at which counterions initiate charge neutralization. If the surface 
charge o f particle depends on pH, as in the case of oxides, coagulation occurs 
according to input o f pH controlling materials; and the optimum pH range is near the 
pzc (Gregory, 2003).
2.2.4 Mechanisms of Coagulation
The mechanism of coagulation can simply be divided into two categories: 
charge neutralization and sweep coagulation. The mechanism of sweep 
coagulation is adsorption by hydroxide compound produced fi*om hydrolysis o f metal 
ions. Figure 2.8 and 2.9 are operational diagrams for Aluminium sulphate and Ferric 
chloride used in coagulation where the areas in which coagulation occurs are shown 
in terms o f pH and dosage, and the area o f solubility for hydrolysis is also shown.
As can be seen in Figure 2.8 and 2.9, charge neutralization typically occurs at 
low pH (<6.5) and can be mainly seen in the processing of raw water with low ion 
strength. The dosage of coagulants is generally low compared to sweep coagulation; 
therefore, less sludge is generated. If  excessive coagulants are added into raw water 
with such conditions, colloid is restabilized and water quality worsens.
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Sweep coagulation mostly occurs in neutral pH regions and if the dosage of 
coagulants is higher than 0.05 mM as A1 or 0.03 mM as Fe. Optimal dosage and pH 
in sweep coagulation are less sensitive to changes of water quality than these at 
charge neutralization. In addition, the ability to remove small particles is generally 
better.
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Fig. 2.8. Operational diagram for aluminium sulphate coagulation and and 
its relationship to zeta potential (Amirtharajah and Mills,
1982)
The dosage of coagulants and coagulation pH are the two most important 
factors affecting the coagulation mechanism and performance o f hydrolysis chemical 
species. The solubility and equilibrium of Al/Fe (III) hydrolysis chemical species is 
determined by the pH and metal concentration. For example, in the case of Fe (III), 
which is below pH 2 and has a concentration above lOmM, the main chemical 
species is the Fe '^  ^ ion; and when pH is in the range o f 2-8, the main chemical species 
are Fe(OH)^^ and Fe(0H)2^. If the dosage of Al/Fe (III) is below critical value (for 
example, <0.01 mM as Fe), destabilization does not occur.
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Fig. 2.9. Operational diagram for ferric chloride coagulation 
(Amirtharajah, 1993)
2.2.5 Hydrolysis Products of A1 (III)/Fe (III) Solutions
When Al^^ is added to water, generally the following hydrolysis where alkaline 
is consumed typically occurs and a solid state Al(0 H)3(s) is finally generated.
Al2(S04)3 ' I 6H2O + 3Ca(HC03)2 ^
2 A l(O H )3(s) + 3 CaS0 4  + 6 CO2 + I 6 H 2O
However, in the actual hydration, many types of ionic chemical species can be 
generated according to pH, water temperature, alkali level. In particular, five 
monomeric ionic chemical species such as Al^ '^ (aq), Al(OH)^^(aq), Al(OH)^^(aq), 
Al(OH)3(amorphous) ^ud Al(OH)4 '(aq) cau bc generated. Polymeric ionic chemical 
species such as Al2(OH)2"^ ,^ Al3(OH)4 ^^ , and [Ali3 0 4 (OH)24 ]^  ^ (most stable. A h 3) are 
also generated. The most representative solid deposit is Al(0 H)3(Gibbsite)- The table 2.3 
shows the equilibrium data of A1 and Fe (III) chemical species from hydrolysis of A1 
and Fe salts in water (Base and Mesmer, 1976; Flynn, 1984).
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Table 2.3. Equilibriums of Aluminium and Iron (III) species at 25 °C and 
1 atm (Baes and Mesmer, 1976; Flynn, 1984)
Reaction
■
logK(25"C)
---- ----- -----
AP* + H ,0 ^  AlOIF' 4. .4.97
A10ÎF* + H ,0 Ai(OH)v ^ H* -4.3
A1(0H)/ + H-0 ^  A.tOH), + H- -5,7
Al(OH)] + n o  AliÛH); + -8.0
2AI’* + 2H ,6 + 2ÎT -7.7
3AP* + 4HIo  -4  AI'(OH)/* + 4H' -13.97
13AP" + 28H,0 + 32H" -98.73
AKOtDjfam) A l- f  30H -31.5 (estiixated)
AKOm.(c} AP' 4. 30H -33.5
Fc-"- + R ,0  FeOH’  ^+ hV -2.2
FeOH-' h H .0 -4  Fc(OH),- + IF -3.5
Fc{OH)A -r H ,0 Fe{OHh + H' -6
Fe<OHh + H .p + PF -10
2F(P- 4. 2M,d -4  Fe,COH}p -r 2H" -2.9
3Fe^ ’ 4. 4H’0  FcJcOHh^ + 4H' -6.3
Fc(OHh(am) —> Fe’~ + 30H* -38.7 (c.«Lniated)
çt-FeOÛH(c) +  H ,0 -f  + 30H* -41.7
O f these chemical species. A h 3 has the best coagulation capability as it sustains 
for several minutes thereby showing excellent active characteristics, while the 
activity o f ionic species in water remains, in most cases, within 2 seconds. In 
addition, since A h 3 has coagulation capability even in the pH range of 8  to 10, then it 
not only increases the coagulation efficiency, but also decreases the deposit speed 
and amount of generated sludge.
However, it is very difficult for the Al^ "^  ion to grow into an Ah 3 polymer in 
water due to limitations in the mechanism itself. In reality, it competes in reactions 
with various types o f disolved chemical species in water. That is, the probability that 
Al^^ ions will turn into AI13 through competitive reactions as shown in Figure 2.11 is, 
in fact, very low. The various types o f A1 intermediate species which are generated 
through reactions are transient polymeric species and are easily transformed into 
solid A1(0H)3. The equilibrium constant o f AI13 in Table 2.3 is k=10'^^'^^ and it also 
supports the lowest existing possibility compared to other species.
24
Ai(OH)-’ —2!-»A!(0H ); -S Ï -» A 1 ((W)j - ^ A I ( 0 H ) ;
.Al,(OH)t- -2 !-» A J ,(0 H ir  or AJ,0(0H )f
A!,(OH)J;^îE-i-Al,(OH)g 
Al , ( O H ) : Al , (OH):  
Al„(OH);;-Sl^Al„(OH)î:
A!„(OH);; - 2 ! ! ^  A1„(0H);; - 2 S - .  A1„(0H);: A1„(0H)5 - a _ ,A l „ ( O H ) :S- ÎOH-
10^ :oH
Fig. 2.10. Chemical routes for A in formation (Kwack, 1998)
2.2.6 Polymeric A1 (III)/Fe (III) Coagulants
Hsu et al. (1964a, 1964b, 1989, 1994) demonstrated that it is possible to 
polymerize Al^^ ion species using bases. Figure 2.11 illustrates the structure and 
polymerization process o f the Al^^ chemical species by largely dividing the OH/Al 
ratio into 3 areas. The complex structure starts from 0H/A1=2.1; thus, while the 
average charge per A1 decreases, the total charge value rapidly increases. In this case, 
the turbidity removing effect reaches its theoretical maximum. However, it is known 
that, if  r exceeds 2 .0 , its stability decreases rapidly.
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Fig. 2.11. Formation of A in, AI24, AI54 from Alio in different OH/Al ratio 
(Hsu et ah, 1964a, 1964b)
In particular, a prepared polymeric coagulant must be able to remain stable for 
a specific time as required. The Fe (III) titration curve derived by Van der Woude 
and de Bruyn (1983) clearly shows the necessary conditions for this state. In Area II
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of Figure 2.12, which corresponds to a range of 0.2<r<0.8, polymeric species, which 
are larger than dimer but are smaller than colloids, are generated through the addition 
o f bases to Fe (III) solution. If  the titration process stops at a point on the curve at 
Area II, it is not possible to observe the changes indicating the solution’s properties 
for a certain period o f time; that is, the induction time indicating the kinetic barrier 
against the nuclear’s growth and generating sediments. In addition, in a polyferric 
solution with an r value in the lower part o f Area II (r=0.2), the induction time will 
be infinite; on the other hand, if  r is in the upper part o f Area II (r=0.8), the induction 
time will be as short as few minutes. Therefore, if  r increases, the stability can 
rapidly decrease. From this research result, we can also get an analogy of the stability 
ofPACl.
Therefore, the synthesis o f A1 (III) or Fe (III) polymeric coagulants is 
performed by the partial neutralization o f acidic A1 or Fe (III) solutions. For this, the 
most important factors affecting the properties o f the generated polymeric species are 
the base types, the base ratio, the hydrolysis temperature and aging time.
2 3
Fig. 2.12. Typical base titration o f Fe(N0s)3 solution,
Fe (III)t=6.25x10'^M (Van der Woude and de Bruyn, 1983)
2.3 Clay Minerals and Al/Fe-Intercalated Clays
2.3.1 Definitions and Classification of Clay Minerals
Clay is classified and defined according to the particle size o f minerals or 
sediments. Its definition is differentiated in the fields used as follows:
1) Ceramic Industry: all granule materials which have plasticity if  mixed with 
water;
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2) Civil engineering: all dissolved granular materials which are not Jfresh rock;
3) Geology: particles below 1/256 mm (2 [im) which are sediments;
4) Soil engineering: substances with particles below 4 /xm which are soil 
components.
In general, the geological term “clay” refers to “extremely fine-grained natural 
earthy minerals, which are plastic when mixed with water but lose their plasticity 
when dried or heated” (Grim, 1968). There has been some confiision in this area 
since the concept of clay is used differently in geology, mineralogy, material science 
and engineering, civil engineering and agricultural and soil science. From the aspect 
o f mineralogy, the concept o f mineral composition is stronger than that o f particle 
size; therefore, it is generally expressed as a clay mineral.
Clay minerals, which are mainly composed o f clay particles belong to stratified 
silicate minerals in which Si0 4  tetrahedron and A1 octahedron are arranged in a 
regular manner. And according to the way tetrahedrons and octahedrons are arranged, 
they are divided into 1:1 type clay minerals and 2:1 type clay minerals.
Minerals in which one Si0 4  tetrahedron and one cation octahedron are arranged 
in a regular and alternate manner are called type 1:1 clay minerals; while minerals in 
which two Si0 4  tetrahedrons and one cation octahedron are arranged in a regular and 
alternate manner are called type 2:1 clay minerals (Refer to Table 2.4). In addition, 
there are 3 locations where cations, which make up a cation octahedron, are placed: 
if  the placed cations are 3+ charged cations, such as Al^^ and Fe^\ it becomes a 2- 
octahedral clay mineral in order to satisfy the coordination number; whilst 3- • 
octahedral clays are minerals in which 2+ charged cations such as Mg^^ and Fe^^ are 
placed (Refer to Table 2.4).
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Table 2.4. Classification o f clay minerals (Grim, 1968)
■:,::Ty^ ;;v
Interlayer
materials
Group Subgroup Species
Kaloinites
Kaolinites
nil
Kaolinite- Halloysite
1 : 1
serpentine
Serpentines
Chrysotile
Antigorite
nil Pyrophyllite-talc
Pyrophyllites Pyrophyllite
Talcs Talc
Smectite or 
Montmorillonite
Dioctahedral smectites 
or moiitmorillonites Montmorillonite
Trioctahedral smectites
Individual cations 
or hydrated cations Vermiculite
Dioctahedral vermiculites
Dioctahedral
vermiculites
2 : 1
Trioctahedral vermiculites
Trioctahedral
vermiculites
Mica
Dioctahedral micas Muscovite
Trioctahedral micas Biotite
Dioctahedral chlorite
Hydroxide sheet Chlorite Di-trioctahedral chlorite -
Trioctahedral chlorite
2.3.2 The Al/Fe-Intercalated Clays
The structure o f Si0 4  tetrahedrons and cation octahedrons, which make up the 
basic framework o f clay minerals, is as shown in Figure 2.13.
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Fig. 2.13. Tetrahedron and octahedron as a consquence of two planes of close- 
packed spheres and three ways of representing octahedra and tetrahedra 
(website)
Of type 2:1 clay minerals, structural scheme of smectite and hydroxy 
intercalated smectite are shown below in Figure 2.14.
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Fig. 2.14. Structural scheme of smectite and hydroxy intercalated smectite 
(website)
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If cations are substituted in clay minerals that are layered, interlayer expansion 
occurs because the molecular size o f cations is larger than the cations which are
bonded between layers: Ca^^, Mg^^, Na^. Therefore, interlayer expansion largely 
depends on size, and their intercalation action differs accordingly. For example, it is 
known that cations o f low molecular weight and short chains such as BTMA 
(Benzyltrimethyl ammonium, M W =185.70) on Ca-smetite substituted by Ca^^, are 
mostly substituted in a monolayer state; while cations o f high molecular weight with 
long chains such as BDTDA (Benzyldimethyltetradecyl ammonium, MW=368.05) 
are substituted in folded form or in almost upright position as in a paraffine structure, 
as shown in Figure 2.16. Substitution behaviors of molecular cations on surface of 
clay minerals can be considered as in Figure 2.15.
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Fig. 2.15. Intercalation behaviors of low molecular and high molecular 
cations into Ca-smectite (website)
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Table 2.5 shows a comparison of chemical composition, cation exchange 
capability and relative surface area of representative clay minerals. As shown in 
Table 2.5, the major components of kaolinite are SiO] and AI2O3 . Montmorillonite 
has a relatively high content of FezOg while illite has a high K 2O content, and 
vermiculite and chlorite are relatively rich in MgO. In addition, the content o f CaO is 
about 0 to 3% in most cases. The cation exchange capability is in the order of 
vermiculite > montmorillonite > chlorite —illite > kaolinite; the relative surface area 
is in about the same order.
Table 2.5. Chemical compositions (%), cation exchange abilities and 
surface area of clay minerals (Grim, 1968)
Clays
Composition (%) . CEC 
(meq/lOOg)
Surface area
S1O2 AI2O3 FezOg MgO K2O CaO
Kaolinite 45-48 38-40 - - - - 3-15 15
Montmorillonite 42-55 0-28 0-2.5 0-0.5 0-3 60-100 800
niite 50-56 18-31 2-5 1-4 4-7 0 - 2 10-40 80
Vermiculite 33-37 7ri8 3-12 2 0 ^ 8 0 - 2 0 - 2 1 0 0 - 2 0 0 700
Chlorite 22-35 12-24 0-15 12-34 0 -1 0 - 2 20-40 80
2.3.3 Concept on the Preparation of Al/Fe-modified Clays
At the geometric mid-plane of clay layer resides an atom octahedrally 
coordinated to those oxygens comprising the tetrahedron tips. In trioctahedral 2:1
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clays such as vermiculite, all octahedral sites are filled, primarily with The
approximate chemical formula for the vermiculites is (Mg3(Si3Al)Oio(OH)2)(Mgo.5 
(H2 0 )j; ); where the first set o f brackets denotes the host layer, the second set denotes 
the guest layer, and the hydration state is variable. The host layers in clays can adopt 
a number o f interesting stacking arrangements to form ordered, partially ordered, or 
disordered three-dimensional structures. The proposed modification mechanisms 
could include the chemisorption, physisorption, ion exchange, hydrogen bonding, 
charge transfer, and complex formation.
In general, this can be summarized as three basic categories according to the 
predominant reaction features: 1) Adsorption, modifier molecules are adsorbed on 
the external surface of the clay by chemisorption and physisorption mechanism; 2 ) 
Ion exchange, modifiers are bonded on the external surface o f the clay by cationic 
exchange reaction, while the structure o f the host (such as interlayer spacing) is not 
changed; 3) Intercalation, modifier molecules are inserted into gallery (interlayer) of 
the host, with maintaining the layered structural feature o f the host (Jiang and Zeng, 
20&%.
In particular, studies such as intercalating cationic metals on clay minerals (Hsu 
and Bates, 1964a; Lahav et ah, 1978; Lahav and Shani, 1978; Michot et ah, 1993; 
Kloprogge et al., 1994; Sivakumar et al., 1997; Frini et al., 1997; Vaccari, 1998; 
Hutson et al., 1999; Aceman et al., 2000; Chirchi and Ghorbel, 2002; Carriazo et al., 
2003; Ahmed and Dutta, 2003; Balci and Goekay, 2003; Zeng and Lin, 2004; 
Belaroui et al., 2004), and developing these into new types o f adsorption/ion 
exchange materials (Lothenbach et ah, 1997; Bergaoui et ah, 1999; Jiang et ah, 2002, 
2003; Cooper et ah, 2002; Jiang and Cooper, 2003) have been actively carried out. A 
few researches on modified clay based coagulants (Yu et ah, 1999; Jiang et ah, 2004) 
have been carried out.
2.3.4 Al/Fe-Modifîed Clays as a Coagulant
The natural mineral clays have attracted a lot of research interest in 
environmental technology. By replacing the natural inorganic exchange cations with 
alkylammonium ions, clay surfaces are converted from being primarily hydrophilic 
to hydrophobic, which enable them to interact strongly with organic vapours and 
organic compounds dissolved in water (e.g., Zhao and Vance, 1998). Also, the 
combination of the natural mineral clays with polymeric Al/Fe species (Jiang, 2001), 
which represented the best coagulating species, can produce the optimal properties
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and offer the comparatively great affinities for the organic compounds (e.g., phenol 
(Jiang et al, 2002), humic acids (Jiang and Cooper, 2003), and heavy metals (Cooper 
and Jiang, 2002)).
Previously, natural mineral clays have been used as coagulant aids to improve 
the settling performance when using metal-based coagulants to treat the low particle 
content water (Nemerow, 1978). Preliminary study on the modification of clay for 
the production of a new kind coagulant has been tried (e.g., Yu et al, 1999) by 
inserting the Mn^ "^  ion into the clay layers. However, Mn^^ may not be the optimum 
cation to be introduced into the clay layers. After that, several published researches 
(e.g., Jiang et ah, 2002, 2003, 2004) have detailed using modified clays as coagulants 
for water and wastewater treatment but systematic studies on the subject have not 
been conducted in detail. There is little published research on modified clay 
coagulants for algae control.
Therefore, this study aims to evaluate the treatment performance of NOM, 
algae and car wash wastewater with the various Al/Fe-modified and raw clays in 
comparison with conventional metal-based coagulants. Al/Fe-clay coagulants are 
expected to offer many advantages since they are effective in adsorption/cohesion of 
NOM with various surface functional groups.
2.4 NOM and Algae in Drinking Water
2.4.1 NOM and Disinfection by-products
Aquatic humic substances, especially NOM, are the source o f colour and odour 
in the water supply. It is a very well known that they react with chlorine, which is 
used as a disinfectant, to generate carcinogenic by-products such as trihalomethanes 
(THMs) or haloacetic acids (HAAs).
CI2 + H2O 
ti
NOM + { HOCl + H C l} THMs: CHX3 (X=C1, Br)
HAAs: HOOC-CX3 (X=C1, Br)
# HOOC-HCX2 (X=C1, Br)
2H" + [OCT + cr ]
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THMs are halogen substituted single carbons o f methane; the general chemical 
formula is CHX3 where X is halide group, such as chlorine (Cl) and bromine (Br) 
group, or a combination o f the two. From the viewpoint o f water pollution, CHCI3, 
CHBrCli, CHBrzCl, CFlBr3 are the carcinogens, which are potentially dangerous to 
both humans and animals. The formation mechanism of THMs is known as the 
reaction between precursors such as humic substances and ffee-residual chlorines, as 
shown in the formula above. Since these THMs are generated at an early stage in the 
reaction between chlorine and precursors, they form the largest portion of chlorine 
disinfection by-products.
As shown in Table 2.6, the representative chlorination by-products (CBPs) are 
trihalomethanes (THMs), which are hydrophobic organic halides; dichloroacetic acid 
(DCAA), which is a hydrophilic organic halide; tricholoroacetic acid (TCAA); and 
oxidatic matters such as formaldehyde and acetic aldehyde. While the hazards posed 
by such substances are, in most cases, o f a chronic nature, some substances cause 
cancer or mutation. O f HAAs, dichloroacetic acid (DCAA) and trichloroacetic acid 
(TCAA) are potential animal carcinogens that are organic halides generated by the 
reaction between organic matters and chlorine. Since HAAs are generated by 
chlorine disinfection at relatively warm water temperature and organics 
concentration, they are frequently generated in summer (Bull et ah, 1991; Obolensky 
et ah, 1999; Singer, 1999).
The factors that affect the generation o f DBPs during chlorine disinfection 
include precursors, the concentration o f injected chlorine, the contact time, pH, and 
water temperature. Such factors play a complex role when chlorine disinfection by­
products are generated during the water treatment process.
In Korea, according to the water quality standards for drinking water, the 
maximum concentration o f THMs has been regulated to 100 /tg/L since June 1990; 
and haloacetic acids (HAAs), dichloroacetic acids (DCAAs) and trichloroacetic acids 
(TCAAs) have been regulated as total halocacetic acids to 100 /xg/L since 2002. The 
criteria for disinfection by-products according to each country are summarized in 
Table 2.7.
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Table 2.6. The list o f chlorination by-products
S p ec ies C o m p o u n d F o rm u la
C h lo ro fo rm C H C ls
T rih a lo m e th a n e s B ro m o d ic h lo ro m e th a n e CHBrCL
(T H M s) B ro m o fo rm C H B rs
D ib ro m o c h lo ro m e th a n e CHBrzCl
C h lo ro a c e tic  a c id C2H3CIO2
D ic h lo ro a c e tic  a c id C2H2CI2O2
H a lo a c e tic  ac id s T ric h lo ro a c e tic  a c id C2HCI3O2
(H A A s) M o n o b ro m o a c e tic  a c id C 2H 3B r0 2
B ro m o c h lo ro a c e tic  a c id C2H2BrC102
D ib ro m o a c e tic  a c id C2HBr2C102
T ric h lo ro a c e to n itr ile C2CI3N
H a lo c a e to n itr ile D ic h lo ro a c e to n itr ile C2CI2N2
(H A N s) B ro m o c h lo ro a c e to n itr ile C2BrClN2
D ib ro m o a c e to n itr ile C2Br2N2
H a lo k e to n e s 1,1 -d ic h lo ro p ro p a n o n e C3H4CI2O
(H K s) 1,1,1 - tr ic h lo ro p ro p a n o n e C3H5CI3O
H a lo p ic r in e C h lo ro p ic r in e CCI3NO2
C h lo ra lh y d ra te C h lo ra l h y d ra te C2H3CI3O2
O th e rs
F o rm a ld e h y d e H C H O
A c e ta ld e h y d e C H 3C H O
Table 2.7. Guideline for Disinfection By-Products in Drinking Water (Unit: /xg/L)
Item Formula
Guideline value (//g /f) *LD5o
(mg/kg)WHO Japan U .S.A UK Korea
THMs
Chloroform CHCI3 2 0 0 60 80 80 2 0 0 0
Bromodichloromethane CHBrClz 60 30 80 - 900
Dibromochloromethane CHBrzCl 1 0 0 10 0 80 - 1 2 0 0
Bromoform CHBrj 1 00 9 1400
Total - 1 0 0 80 10 0 1 0 0 -
HANs Dichloroacetonitrile C2HCI2N 90 80 - 90 245
Trichloroacetonitrile C2CI3N 1 - - 4 245
Bromochloroacetonitrile CjHBrClN - - - - 245
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Dibromoacetonitrile CzHBrzN 100 - - 100 245
Monochloroaceticacid CICH2COOH - - - - 76
M onobromooaceticacid BrCH2C0 0 H - - - - 100
H A A s
Dichloroaceticacid CI2CH2COOH 50 40 60
100
2820
Trichloroaceticacid CI3CH2COOH 100 300 60 4 00
Bromochloroaceticacid BrClCHzCOOH - - - - -
Dibromoaceticacid Br2CH2COOH - - - - -
Chloral hydrate Cl3CCH(OH )2 10 30 60 30 479
Cyanogen chloride 70 - - - 6
* M a b e y W .R . e t a l ,  1982
Most humic substances, which exist in raw waters, have extremely complex 
chemical structures. It is believed that these are weakly bonded organic materials 
within the soil that leave the soil and then enter the water. In addition, a very small 
portion is created by degradation o f water organisms and pollutants resulting from 
human activities such as farming and forestry. Therefore, humic substances can be 
largely divided into two categories. The first type is formed in soil and then leached 
out into rivers, lakes and oceans. Its property is identical or similar to the humic 
substances in soil, even if  physicochemical changes have taken place in the water 
environment. The second type is generated from the cell components o f native 
aquatic microorganisms; from ocean sediments, humic substances composed of 
carbohydrates and proteins belong to this category (Urban et al., 1989; Tipping et al., 
1998; Scott et al., 2001). Also, since sedimenting NOM influences the aquatic NOM 
in a view of water environment o f lake (Paaso et al., 2002), investigations on NOM 
residing and trihalomethane formation potential (THMFP) (Chen et ah, 2001), along 
with the efficiency o f coagulattive removal, have been considered to be of greater 
importance.
Numerous attempts to identify the complex characteristics o f humic substances 
through separation o f humic substances in water and lake sediment and by 
characterization studies have been carried out around the world. However, despite 
the huge number o f research publications, the structure and functionality o f such 
substances have not yet been clearly identified (Jansen et al, 1996). Humic 
substances vary widely according to terrain, geology, climate, whether they exist in 
rivers or lakes, and the distribution o f artificial pollutants. They also differ in 
physicochemical characteristics such as composition, molecular weight, and
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functional group. In most cases, their physicochemical characteristics are unclear. 
Generally, humic substances are amorphous brown or black, acidic and dispersed. 
Their molecular weight ranges from several hundred daltons to several tens of 
thousands.
Humic substances consist o f substituted aromatic rings, which are connected by 
aliphatic carbon chains. However, it is uncertain whether the humic substances are 
real polymers that show regular repetitions of simple structural units. It is commonly 
assumed that the complex structure o f humic substances is formed by various simple 
organic compounds such as salicylic acid, phthallic acid and 50 other types, which all 
act as building blocks. However, in general, humic substances are categorized into 
humin, humic acid and fulvic acid according to their solubility properties. Humic 
substances, which are dissolved in both acidic and basic solution, are called fulvic 
acids; while those soluble in basic solutions but insoluble in acidic solutions are 
referred to as humic acids. In addition, humic substances that do not dissolve in 
acidic solutions or basic solutions are called humins. Most humic substances within 
soils consist o f lignoproteins, and their major components are humic acids and fulvic 
acids. Most humic substances existing in rivers, lakes, oceans and sediments are 
fulvic acids (Hayes et ah, 1989; Wood, 1996; Pefferkom, 1997; Jones and Bryan, 
1998; Janos, 2003).
Until now, many models for humic substances have been presented. Figure 
2.17 is a three-dimensional view o f a humic acid structure, while Figure 2.18 
llustrates the conceptual structure o f humic acid and fulvic acid.
Fig. 2.17. Three-dimensional structural view of a humic acid (Jansen et al, 
1996)
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Fig. 2.18 Conceptional structure o f (a) humic acid (Sulten and Schnitzer,
1993) and (b) fulvic acid (Jenkins and Snoeyink, 1980)
Large amounts o f disinfection by-products (DBPs) are generated when chlorine 
reacts with humic substance since there is a higher amount o f double-bonded 
aromatic structure in the humic substance than other organic matter with aliphatic 
structure. Among the humic substances, it can be seen that the humic acid has a large 
molecular weight structure, which consists o f aromatic compounds while the fulvic 
acid has a relatively small molecular weight structure, which makes a cluster with 
hydrogen bonding each other. It indicates that the humic acids are more unsaturated 
and can have greater THMs formation potential than fulvic acids.
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In order to find an effective treatment method for NOM, a lot of research has 
been carried out, including in the application o f enhanced coagulation, ozonation, 
and adsorption and membrane technology. Here, in relation to the coagulation 
process, various research studies have been carried out in areas such as the 
application o f various coagulants and changes in coagulation conditions.
In particular, Jiang et al. (2003) have detailed the use o f Al/Fe-modified clays 
as coagulants for the removal o f humic acids but systematic studies on the subject 
have not been conducted. This study thus aims to evaluate the treatment performance 
o f humic acid and fulvic acid in water with various Al/Fe-modified and raw clays in 
comparison with conventional metal-based coagulants. Since sedimentary NOM 
influences the aquatic NOM in view o f water environment o f lake (Paaso et al., 
2002), Daechung Lake, which is a local drinking water resource for Korea’s central 
region, was selected as a NOM resource for this study, and the physiochemical 
characterisation o f NOM in the sediment o f Daechung Lake and the efficiency o f 
NOM removal under various conditions were studied.
2.4.2 Algae and Its Effects on Drinking Water
Algae are members o f a group o f predominantly aquatic, photosynthetic 
organisms o f the kingdom Protista. They range in size from the tiny flagellate 
Micromonas that is 1 micrometer in diameter to giant kelp that reach 60 meters in 
length.
Fresh water algae are unicellular phytoplanktons capable of photosynthesis;, 
there are cyanobacteria (blue-green algae), chlorophyta (green algae), 
bacillarophyta (diatoms), dinophyta (dinoflagellates), euglenophyta (motile green 
algae) and chrysophyta (yellow-green algae).
Generally, in late spring, when sunlight grows stronger, blue and green algae 
thrive; and from autumn when the water temperature falls, to spring, diatoms occur. 
The growth of algae depends on the N/P ratio. In most freshwater environments, it 
depends on the utilization o f phosphorus (P). It is a well-known that controlling the 
growth o f algae under natural conditions is very difficult (McQueen et al., 1987; 
Schindler et al., 1971, 1977; Thompson and Rhee, 1993; Kim et al., 1991, Kim et al., 
1991).
Very rapid growth o f algae may lead to the formation o f ’algal blooms’ or 
’scums’. They can therefore cause problems in the water supply industry, such as
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water discolouration, taste, odour and blockage o f filters. Some species can be also 
toxic to humans and other organisms. The substances that cause the distinct taste, 
odour and toxicity o f algae are Geosmin, MIB, TCA, IPMP, IBMP and endotoxins of 
the lipopolysaccharide type. In addition, if  an excessive growth of algae occurs, 
endogeneous toxins emitted from algae such as microcystin and nodularin act as 
hepatoxins, while anatoxin and saxitoxin act as neurotoxins. Therefore, these may 
cause serious damage to both humans and animals alike (Kim et al., 1991; Crayton, 
1993; USEPA, 2001; WHO, 2003; Health Canada, 2003).
The Daechung Multipurpose Dam was constructed for the multipurpose- 
oriented development of water resources in the Kum River. The dam is located 150 
km from the river’s estuary. Daechung Lake starts at the top o f Dukyu Mountain, 
which is located in Muju, Jeonbuk province, and spans 3 provinces and 12 counties 
with a water area o f 4,184 km^, and an overall length o f 250 km. Its construction was 
completed in 1980 and has contributed to regional development by supplying water 
to households and industries in the Chungcheong area, including Daejeon. In 
particular, it enabled a stable water supply even during the extreme drought period 
from ’94-96. The upstream environment o f Daechung Lake is fairly good when 
compared with other river valleys with higher concentrations of population and 
production facilities such as the Han River or Nakdong River. Despite this, after 
completion in 1981, due to the constant accumulation o f nutrients which had been 
entering from the upstream, the water quality o f the Daechung Lake corresponds to 
COD 2.9-4.1 mg/L, which barely keeps it in the Class 2 level o f quality. It’s total 
phosphorus level (T-P) is 0.022-0.068 mg/L, which means the lake is relatively rich . 
in nutrients (Lee, 1997; Korea EPA, 2004).
In Daechung Lake, algae has occurred 70-139 days each year for the last few 
years: in 2003 for 99 days (June 23-Sept 30); in 2002 for 106 days (July 31-Nov 1); 
in 2001 for 119 days (July 19-Nov 14); in 2000 for 139 days (July 8 -Nov 23); and in 
1999 for 71 days (Aug 30-Nov 8 ). When algae occurred at Daechung Lake, the 
concentration o f Chlorophyll-a (Chl.-a) at the Munui and Chudong water areas 
reached 11.7-16.5 mg and 8.6-15.4 mg/m^, with the cell count of blue green algae 
ranging between 1,424 and 1,234, and between 1,126 and 1,364 cells per mL, 
respectively, thereby exceeding the criteria for issuing algae watches (occurrence o f 
chlorophyll-a 15 mg/m^ or 500mL of blue green algae, at least consecutive two 
occasions) (Park, 1997; Korea EPA, 2004).
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From algae research conducted in the summer o f 1997 in this area, a total o f 78 
algae species were found in Daechung Lake. Chlorophyta was the most prevalent, 
with 73 species, or 47.4% of the total; while 21 species (26.9%) o f bacillariophyta 
such as Aulacoseira granulate, 15 species (19.2%) o f cyanobacteria such as 
Microcystis aeruginosa, 2 species o f dinophyta, 1 species o f euglenophyta, and 1 
species o f unidentified flagellata were also found. The number o f species found 
increased by 21 from the 57 found in researches conducted in 1996. It has been 
reported that some o f the algae living in the water flow area were included due to 
rain, and that the extent o f blooming was relatively less severe than in 1996, resulting 
in a higher diversity o f species.
In addition, in most areas, the dominant algae were Microcystis genus and 
Anabaena genus (a blue green algae species) during all research periods. The 
following six species were identified as dominant species more than once: 
Microcystis aeruginosa, M. ichthyoblabe, M. wesenbergii, Anabaena plactonica, A. 
spiroides and var. crassa. It was found that, after July, Anabaena spiroides and var. 
crassa become relatively more dominant. Therefore, the algae that are most 
frequently encountered are blue green algae such as Microcystis sp., Anabaena sp., 
Oscillatoria sp., Aphanizenon sp. and green algae such as Dictyospaerium sp., 
Eudorina sp., Volvox sp., Chlamydomonas sp., all o f which mainly appear from 
spring to autumn. Bacillariophyta such as Asterionella sp., Cyclotella sp., Melosira 
sp., Synedra sp. occur from late autumn to spring. Therefore, the representative 
dominant species living in Daechung Lake is known as blue green algae, such as 
Microcystis sp. and Anabaena sp.; and Melosira 5J?., a bacillariophyta. In particular,, 
Microcystis sp. was found to be a dominant algal appearing at most main stream sites 
in September where alga blooms are most conspicuous (Lee, 1997).
Microcystis is a blue green alga, which emits Microcystin, a hepatoxin, and 
floats on the surface o f water reservoirs. Cases o f damage resulting from the toxicity 
o f blue algae in the water supply have been continually reported. For example, when 
a large Microcystis bloom occurred in Ohio (U.S.) in the Potomac River back in 
1931, 5000-8000 people who used the infected water got sick. When a blood test for 
liver enzyme concentration was performed in many regions in Australia in 1981, a 
statistic conclusion was drawn that only the inhabitants o f water supply areas, which 
were contaminated by Microcystis, suffered from liver damage in the period when a 
Microcystis bloom occurred.
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Therefore, the blooming o f blue green algae does not only result in bad water 
quality, but also the death of animals that drink the poisoned water. WHO has 
warned that microcystin can result in cirrhosis o f the liver or liver cancer i f  taken in a 
concentration over 0.1 pg/mL in the long term, or 1.0 pg/mL in the short term 
(USEPA, 2001; WHO, 2003; Health Canada, 2003; Carmichael, 1994; Carmichael 
and Falconer, 1993; Carpenter and Carmichael, 1995).
To suppress the growth of algae, in-water aerators are installed or aquatic 
plants such as Eichhornia crassipes are grown at Daechung Lake. In addition to 
excluding and removing such undesirable algae, deep water is abstracted from a 
depth o f over 10 m. Also, in the water purification plant in this area, 5-20 ppm of 
powdered activated carbon is injected to remove odorous substances, and 
chlorination using 0.5-1 ppm concentration is used.
Therefore, in this study Microcystis aeruginosa sp. and Oscillatoria sp., which 
are the dominant species in Korean lakes (particularly in Daechung Lake), were 
artificially incubated in order to study their growth characteristics and evaluate the 
removal efficiency of them by various coagulation agents.
2.4.3 Car Wash Wastewater Treatment
In Korea, car-washing effluent is generated in various car-washing sites at an 
approximate amount o f 0.5-1 m^ per car per day. Such effluents contain a lot of 
synthetic detergent, waste anti-freezing agent, waste oils, soils and heavy metals and 
cause a range of problems if  they are not treated properly. For example, when the 
untreated car-washing wastewater is discharged into surface water, oily suspended 
materials will be accumulated on the surface o f water, which interrupts the oxygen 
transfer and reduces the dissolved oxygen concentration in water and therefore 
deteriorates the water quality. Also, the oily materials of car-washing wastewater will 
block the discharge pipes, and they can interfere with the activated sludge process 
due to preventing oxygen transfer if  it is discharged into the sewers and wastewater 
treatment plant directly.
The car-wash wastewater treatment processes in Korea include sand filter and 
oil/water separator, which can remove 35-50% oils (as n-hexane extracted 
compounds), and coagulation/sedimentation, which can remove 65% COD and 
suspended solids (SS). In some cases, sand filtration is used which can only remove 
20% oils, 10% COD and 12% SS. Obviously, the treatment efficiency o f car-wash
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wastewater is not enough and in most cases, the oil and SS concentrations in the 
treated effluent can exceed the waste discharge standards. Alternative process or new 
treatment chemical reagents are required to be investigated in order to improve the 
general treatment performance of the car-washing wastewater.
2.5 Summary of Literature Review
The main concepts detailed in this chapter can be summarised as follows:
a) For the removal o f particulate materials, the coagulation mechanism is 
believed to be either particle surface charge neutralisation or the 
enmeshment of particles by metal hydroxide precipitates (sweep 
coagulation). For the removal of dissolved organic matter such as humic or 
fulvic acids, the coordination o f the negatively charged humic substances 
with the positively charged coagulating species and adsorption o f humic 
substances on the metal hydroxide precipitates are thought to be the basic 
reaction mechanisms.
b) After the discovery o f links between the NOM and disinfection by-products 
(DBPs), many studies have been conducted in order to maximise the 
removal of NOM. However, in Korea, removal o f NOM using the clay 
based coagulants has not been reported. In this context, sedimentary NOM 
from Daechung Lake o f Korea was selected for this study (see Chapter 4, 
Sections 4.4 and 4.5).
c) In Daechung Lake o f Korea, algae have occurred more than 70 days each 
year in average. In most areas, the dominant algae are Microcystis and . 
Anabaena genus (“blue green” cyanobacteria). Therefore, Microcystis 
aeruginosa sp. was selected as a targeted algal species for the study o f its 
removal performance by the coagulation (see Chapter 4, Section 4.6).
d) The general processes for the treatment o f car-washing wastewater in Korea 
include sand filter, oil/water separator and coagulation/sedimentation. In 
some cases, membrane is used additionally to reuse treated water. Normally, 
the treatment efficiency of car-wash wastewater is not enough and in most 
cases, the oil and suspended solids (SS) concentrations in the treated 
effluent can exceed the waste discharge standards. Therefore, alternative 
processes or new treatment chemicals are required to be investigated in 
order to improve the general performance of the car-wash wastewater 
treatment (see Chapter 4, Section 4.7).
e) The potential use of natural or modified clays as adsorbents for treating
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heavy metals and organic pollutants, or as coagulant aids for improving the 
settling performance in coagulating low particle content water have been 
investigated. Moreover, several published researches have suggested using 
modified clays as coagulants for water and wastewater treatment. 
Nevertheless, in Korea, there are no published researches using various 
modified clay coagulants for the removal of sedimentary NOM, algae 
control, and car-wash wastewater treatment,
f) This study thus aims to examine the comparative performance o f modified 
clay coagulants for water and car-wash wastewater treatment and the 
research objectives o f this study can be seen in Section 1.2 (p. 4-5) and will 
be detailed in the following chapters.
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CHAPTER 3 MATERIALS AND EXPERIMENTAL METHODS
3.1 The Characterization and preparation of Al/Fe-modified Clay Coagulants
3.1.1 The Characterization of Raw and Modified Clay Coagulants
3.1.1.1 Measurements of Physical Properties
A. pH
The pH of 10% clay slurry (1 g clay + 1 0  mL deionised water) was measured 
after aging o f 10 minutes using the pH meter (istek model 720p, Korea). Before the 
measurement, the pH meter was calibrated with three standard solutions with pH of
4.0, 7.0, and 10.0. After using the pH meter, the electrode was stored in storage 
solution.
B. Swelling
2 g o f dried clay with 80-100 meshes was put into a 100 mL deionised water of 
mass cylinder slowly, and swelling was measured from the height o f sediments after 
stabilization.
C. Surface Area
The surface area was measured by EGME method (Carter, 1965).
D. X-ray Diffraction
XRD analyses were performed with C u ka  radiation on a Rigaku, D/Max-KB 
diffractometer. Operational conditions of 1 kV and 30 mA were used. The 
measurements were conducted in the step-scanning mode with a step size o f 0.05° 
and range o f 2° >45° with a counting time o f 4.0 s at each step.
3.1.1.2 Measurements of Chemical Properties
A. Cationic exchange capacities (CEC)
The CEC of clays were measured by cations exchange method (Inglethorpe, 
1993). For each measurement, a given amount (1 g) o f clay was weighed and put into 
polypropylene centrifuge tubes and 30 mL of 1 M-ammonium acetate solution (pH 7) 
was added and mixed for 30 minutes. The suspensions were centrifuged with 200 
rpm for 15 minutes and then supernatants were transported into a 100 mL flask and 
total volume o f the extractant was made upto 100 mL by adding deionised water into
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the flask. The concentrations o f exchangeable cations (Ca, Mg, Na, K) in the 
supernatant were determined by ICP-MS. This measurement was repeated three 
times and a mean value o f each cation’s concentration was obtained. The cationic 
exchange capacity was then determined using the following equation:
CEC ( - ^ )  = Eca + EMg + Ek + ENa 
lOOg
where. Exchangeable cation, Ecation ( ] x
lOOg lOOOxlK A
V: volume o f the extract (mL) = 100 mL 
C: concentration of cation in extractant (mg/L)
W: weight o f dry clay used (g) = Ig 
A: atomic weight o f the cation (a.m.u.)
B. XRF
X-ray Fluorescence (XRF) data was collected on a Rigaku RIX 2100 
spectrometer. The major elements of clay minerals expressed as oxides o f the 
samples.
C. FT-IR
IR spectra were recorded using a Nicolet Magna IR 550 spectrometer.
D. Surface Charge Deusity
Surface charges of clays were measured with particle charge detector (PCD Ô3 
pH, Miitek, Germany). The measuring cell is composed o f a cylindrical PTFE 
(polytetrafluoroethylene) container with a PTFE piston inside. Between the container 
wall and piston, a small cylindrical gap o f 0.5 mm is formed, into which the clay 
suspension is filled. In the container wall, two gold electrodes are located at the top 
and the bottom of gap to measure the streaming potentials. During the measurements, 
the piston is sinusoidally moved up and down at a frequency o f 4 Hz. The movement 
o f piston forces the suspension to move and to stream through the gap along the 
container wall. Some o f the particles that interact with the PTFE container wall by 
adsorptive forces cannot follow the forced flow within the gap and therefore will be 
polarised according to the distortion o f the diffuse double layer in the streaming 
liquid. This is in accordance with the DLVO theory in following Figure 3.1. The 
distortion of the diffuse double layer during the piston movement leads to the
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development o f an electrical potential measurable between the electrodes. For the 
PCD method, a calibration against a reference o f known streaming potential is not 
possible and so the measured values are not absolute value (Wasche, 1997, 2002).
piston movement streaming liquid
' shear plane 
(limit of diffuse charge cloud)
Fig. 3.1. Particle with a schematic double layer in the measuring gap in a 
streaming polar liquid. Particle 1 adheres to the PTFE container 
wall, and is polarised because the diffuse charge layer is 
deformed due to the viscosity o f the streaming liquid. Particle 2 
is not influenced. However, in the non-streaming state, neither 
particle is polarised (Wasche, 1997, 2002).
E. Acidity
Acid-base titration was performed with a micro titrator (Metrohm 702 SM 
Titrino, Swiss) and a stirrer (Metrohm 728, Swiss) for the acidity measurement o f 
surface functional groups. The pH of clay suspended solution was initially lowered to
3.0, and 0.05N NaOH solution was slowly added until the pH of sample solution 
reached 12. The amount of NaOH consumed to increase the pH from 3 to 8  and from 
6  to 1 2  was recorded that corresponds to the carboxylic and phenolic acidities, 
respectively. Acidity was calculated using the following equation:
. 50,000-X .Acidity = ------------- (meq/g)
w -y
Where x is the added volume (mL) o f 0.005N NaOH, w is the weight o f clay 
mineral (g), and y is the sample volume (mL).
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3.1.2 The Preparation of Al/Fe-Modifîed Clays
3.1.2.1 The Purifications of Raw Bentonite
The natural bentonite supplied by Siidchemi, Korea was purified by 
sedimentation and centrifugation. Sand was separated by sedimentation, and silt was 
separated by centrifugation with about 100 g o f R.C.F (relative centrifugal force) for 
7 minutes firstly and with about 1400 g o f R.C.F for 30 minutes secondly. The 
fractions separated from the raw bentonite are presented in Table 3.1.
Table 3.1. Fractions separated from the raw bentonite
Raw-bentonite Sand Silt Clay
Fraction (g) 1 0 0 0 265.52 591.82 142.66
' % 1 0 0 26.6 59.2 14.3
The bentonite with a diameter smaller than 63 pm  was used in this study. The 
purified bentonite was ion exchanged with Na^ and Ca^^ ions by stirring for 30 
minutes and shaking with 150 rpm for 18 hours in a saturated Na2C0 3  and 
CaCl] 2 H2O mixed solution. Then the clay was separated by centrifugation with 
3900 g of R.C.F. from the mixture o f working clay slurry and deionized water (1:5). 
Centrifuged and separated clay was dried at 50°C for 48 hours. Physicochemical 
properties were then analyzed by pH, swelling, surface area, CEC (cation exchange 
capacity), surface charge, Fourier Transform Infrared Spectroscopy (FT-IR), X-Ray 
Fluorescence and Diffraction (XRF and XRD).
3.1.2.2 Preparations of Al/Fe-Modified Clays
Preparation o f pillared cationic clays includes a controlled hydrolysis reaction, 
which may be carried out in solution or in the interlamellar space o f the clay. When 
the hydrolysis reaction is performed in solution different methods may be employed:
(i) addition of metal carbonates (Na, Mg, Zn, etc.) to a solution o f AlCh (or FeCh);
(ii) addition o f metal hydroxides (Na, K, etc.); (iii) addition of metallic aluminium in 
HCl and/or AlCh ; and (iv) electrolysis o f a 1 M solution of AlCh (or other metal 
chloride). Similar to the preparation of the pre-polymerized Al/Fe coagulants, the 
amount o f polycations species depends not only on the preparation method, but also 
on other factors, such as the nature of the reactants and their initial concentration, the 
degree o f hydrolysis (the OH/M"^ ratio), the reaction temperature, the rate o f addition
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of the reactants, and the aging conditions o f the hydrolyzed solutions (Jiang, 1996, 
1998,2001,2002,2003).
A. Preparations of Bentonite Based Al-Modified Clays
The natural bentonite supplied by Siidchemi, Korea and purified using the 
procedures detailed previously before the modification.
Pillaring solutions containing Aha polymeric species was prepared following an 
established procedure (Section 3.2) by slowly adding a 0.25 M solution o f sodium 
bicarbonate to a solution of AlCh to obtain a final basic ratio (as molar ratio o f 0H 7 
AP+) o f 2.0, and was aged at 30 °C for 3 hours. After the aging process, 15 g o f clay 
was added directly into the pillaring solution under vigorous stirring and allowed to 
age for 2, 4, 6  hours. The products were then collected for centrifugation and were 
freeze dried and kept in desicator until required for use.
B. Preparations of Montmorillonite based Al/Fe-Modified Clays
The preparations o f montmorillonite based Al/Fe-modified clays were 
conducted at Environmental Engineering Laboratory o f University o f Surrey, UK. 
The raw clays used in this study were montmorillonite KIO and KSF, and supplied 
by Sigma-Aldrich Chemicals Corporation, UK. The polymeric Al/Fe modifiers were 
prepared following an established procedure (Jiang, 2001). The modification 
involved with the mixing o f the given amount o f clays with the polymeric metal 
species for four hours at 55°C and then the mixtures were separated by filtration to 
obtain the solid phase o f the modified clays. The chemical composition o f the 
modified clays was analysed using X-ray fluorescence (XRF), and the XRF data.
The Al/Fe-modified clays were prepared using either AICI3 or FeCl3 or both as 
raw materials and following an established procedure (Jiang, 2001). The 
predetermined basic ratio, defined as the molar ratio o f the hydroxyl to the metal, and 
the ratio of the polymeric metal species to the clay were [0H]/[A1]=2, [OH]/[Fe]=0.3, 
[0H]/[M]=1, and metal/clay=2 mmol/g, respectively. The modification involved 
with the mixing of the given amount o f clays with the polymeric metal species for 4 
hours at 55 °C and then the mixtures were separated by filtration to obtain the solid 
phase of the modified clays. The resulting clays were dried using a freeze dryer (Dry 
Winner 3, HETO Ltd., UK) operating at -0.5 MPa and -52 °C.
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c. Preparations of Montmorillonite based Organic Polymer Modified 
Clays
The preparations of montmorillonite based organic polymer-modified clays 
were also conducted at Environmental Engineering Laboratory o f University o f 
Surrey, UK. The raw clays used were montmorillonite KIO and KSF, and supplied 
by Sigma-Aldrich Chemicals Corporation, UK. The organic polymer as floculant 
was also supplied by Sigma-Aldrich Chemicals Corporation, UK.
The modification was done with the mixing o f the given amount o f clays with 
the organic polymer for four hours at 30°C and then the mixtures were separated by 
filtration to obtain the solid phase o f the modified clays. The resulting clays were 
dried using a fireeze dryer (Dry Winner 3, HETO Ltd., UK) operating at -0.5 MPa 
and -52 °C.
3.2 Optimising Preparation Conditions of PAC by Ferron Method
3.2.1 Preparation of PAC
Poly-aluminum chloride (PAC) was prepared by using the modified method 
firom Parker (1992b) under the conditions with basic ratios (r=l .0-2.5), reaction 
temperatures (30-90 °C ), and ageing times (0-4 hours). The apparent molecular 
weight distribution (AMWD) o f PACl as a result o f these variations was analyzed 
using the Ferron method.
AICI3 6 H2O, NaOH and NaHC0 3  were used for the preparation of PACl. In the 
preparation process, a 500 mL three-neck flask was used as a reactor, which was 
fixed to the heating mantle, followed by the cooler, a glass tube for feeding a base 
solution, a thermometer, and a sampling tube. A mechanical stirrer was mounted on 
the middle branch. The AICI3 6 H2O solution was fed into the above-mentioned 500 
mL glass reactor, and the temperature controller was then set to the proper reaction 
temperature level. With a proper amount of base being put into the reactor, the 
heating and stirring was initiated.
For feeding a base solution by a HPLC pump, a fine capillary tube with a 
diameter o f less than 0.15 mm was used. In addition, a variable motor with running 
speed of 500 rpm was used for vigorous mixing o f the AICI3 6 H 2O solution in the 
reactor. After the feed of the base solution, the aging process was implemented 
during a O-to-4 hours period, while the temperature o f the solution in the reactor was 
maintained properly. When the specified time for ageing was reached, part o f the
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sample was collected to analyze the molecular weight distribution o f the A1 (III) 
species by Ferron timed spectrophotometry.
3.2.2 Analysis of A1 Molecular Weight Distribution (MWD) by Ferron Timed 
Spectrophotometry
3.2.2.1 Ferron timed Spectroscopic Data Analysis
Ferron timed spectrophotometry, which was used to determine the molecular 
weight distribution of the pre-polymerised A1 (III) species, is based on the difference 
o f complex reaction rates between ferron and hydrolysed A1 (III) species (Parker, 
1992a). According to reaction rates, A1 (III) species are largely divided into the 
following three types: the monomeric species, Ala, which instantly reacts with ferron 
and has defined as the concentration o f all species reacting within 1 to 2  minutes; the 
medium-size species. Alb, which was defined as the concentration of all species 
reacting with ferron within 3 to 120 minutes; and un-reacted A1 species [polymeric 
sol or gel-state precipitate or solid-state A 1(0 H)3], Ak, which was defined as the 
concentration o f all species that do not react with ferron after an elapse o f more than 
60 to 1 2 0  minutes.
In such a case, the amount o f time required for the complex reaction varies as a 
ftmction of [Ferronji- Therefore, the content and ratio of different kinds o f species is 
calculated based on the total aluminum concentration (AIt):
[Al]T=[Ala] + [Alb] + [AlJ
The modified method used in this study can be summarized in the following 
manner. The reaction between ferron and the hydrolysed A1 species leads to the 
formation o f a complex through the addition o f ferron reagents at higher 
concentrations than the Al(III) concentration contained in the sample, when the 
sample and Ferron reagent are mixed together at 25 °C and pH=5-5.4.
The absorbance of an Al-ferron complex is measured at 370 nm. In this case, 
the absorbance of the sample is measured until the reaction between ferron and A1 
reaches a constant value. An absorbance which constant for more than 30 minutes is 
regarded as [Ak+Aly], and the amount o f [AIJ is calculated by subtracting [Ak+Aly] 
from [A 1]t
Based on the reaction with an acidified (pH: -2 .3) A1 standard solution, Ak 
completely reacts within 2 minutes. The ferron-Ak reaction is terminated within 30 
to 120 minutes according to [Ferron]t, which can be analyzed using the following 
generalized kinetic equation:
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_d[y  ^ =k[FeiTOn]“T-[AIb]'*
dt
In the kinetic equation shown above, differences in absorbance are caused by 
the formation of an Al-Ferron complex. Therefore, they are assumed to be identical 
to the reaction. If  [Ferron]T is maintained in excess compared with molar 
concentrations o f [A1]t, [Ferron] can be regarded as constant, and reaction constant 
can be expressed as follows:
kobs = k*[Ferron]“T
In addition, the reaction order in the reaction o f ferron with A k has been 
identified as a near-first-order reaction (/5=1) (Parker, 1988). Therefore, the 
combination of above equations results in the following pseudo-first order reaction:
= U s - [ A l J
dt
Integrating the above equation results in the following rate equation:
In [Ak]un = In [Ak]o - kobs't
Where [Ak]un is the concentration o f un-reacted Alb by subtracting the 
concentration of (Ak+Ak) from the concentration o f Alb at any time, t.
kobs can be derived from a graph of reaction time vs. ln[Alb]un, while [Ak]o, the 
initial concentration o f A k that exists during the initial period, can be derived from a 
linear graph o f an Ak-Ferron reaction at t=0. Based on the result o f [Ak]o, the 
amount of [Ak] can be calculated.
3.2.2.2 Ferron Analysis for Molecular Weight Distribution of A1 (III) Species
A. Analysis of Polymeric A1 (III) Species
1) Preparation of stock solutions
The following stock solutions were made; 2.85x10*^ mol ferron (8-hydroxy-7- 
iodoquinoline-5-sulphonic acid) and 2.52 mol 1,10-phenanthroline were combined 
into 1 L (solution ( D ) ,  1 0 0  g NH2 0 H-HC1 and 40 mL concentrated HCl were 
combined into a total of 1 L (solution ( D ) ,  and 4.3 mol/L sodium acetate (solution 
(3)), and all o f which were kept at 4°C in the refrigerator.
2) Preparation of the ferron reagent
Three types of stock solutions, as described above, were filtered through a 0.45 
pm  membrane, a 500 mL solution ( ( D ) ,  2 0 0  mL solution ( ( D )  and a 2 0 0  mL solution 
( ( D )  were mixed, then deionized water (DI water) was added it to total IL. The
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reagent was prepared five to seven days prior to being used for the experiment, and 
was stored within the 2 0 -day time limit.
3) Measurements of Absorption of Al-Ferron Complex
Prior to reacting the sample with ferron reagents, the acidified DI water was 
added to dilute the concentration o f A1 o f the sample to allow its concentration to 
reach 1.0^10"^ mol/L. In addition, the concentration o f the mixture was adjusted so 
that the molar ratio o f [Ferron]t/[A1]t could reach 5 times or above. Among other 
reaction conditions, pH was set to 5, and the temperature to 25°C.
As summarized in Table 3.2, the sample to be diluted to the A1 concentration 
level 1 .1 1 x 1 0‘^ M was put into the beaker and it was then added with DI water to total 
25 mL. An approximately 10 mL ferron reagent was added to the sample solution. 
Within about five seconds, its absorbance was then measured using a Icm-length 
quartz UV cell at 370 nm at 10-second intervals for 120 minutes. The final 
concentration of A1 that reacted with ferron is 7.89x10"^ M.
Table 3.2. Typical volumes o f polynuclear A1 sample and mixed ferron 
reagent used
[A1]t in sample (mol L )^
vol used, mL final conc., mol L'^
[ferron]T/[Al]T
sample ferron [A1]t [ferron]T
1 .1 1 x 1 0 *^ 25 1 0 7.89x10'^ 4.07x10"^ 5.16
>5.0x10 diluted to 1x10 mol L‘ , and ferron assay initiated within 5 min
B. Analysis of Monomeric A1 (III) Species
1) Preparation of A1 standard solution (pH<2.3) and calibration curve for 
conversion of absorbance to molar concentration
From using an A1 (III) standard solution for AA analysis, the monomeric A1 (III) 
standard reagent was prepared with three different concentrations, which includes the 
concentration (l.llx lO '^M ) used in reactions between polymeric A1 (III) species and 
ferron. Its absorbance was then measured in order to make a calibration curve, 
thereby revealing the equation for conversion into molar concentration. For example, 
where [Al]x is a standard solution o f 1.11x10'^ M, a 0.298 mL A1 standard solution 
was put into a 100 mL flask and added with acidified DI water (pH<2.3) up to scale 
o f lOOmL. The absorbance was then measured after implementing a reaction 
between A1 (III) in standard solution and ferron, in the same conditions used for the 
polymeric A1 (DI) species.
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3.3 Characterization of Isolated NOM
3.3.1 Isolation and Purification of NOM
The humic substances used in this study were extracted from the sediment o f 
Daecheung Lake, Daejeon, Korea, by the modified method described in Figure 3.2 
(Kumada, 1968). In detail, the mixture o f sediment (100 g) and 0.1 N NaOH (1000 
mL) was mixed with the ratio o f 1:10 and the mixture was put into a 2 L erlenmeyer 
flask, heated in water at 30°C and then agitated at 150 rpm for 24 hours. After 
standing for a time and by centrifuging at 2,500 rpm for 20 minutes, it was separated 
into two fractions, i.e., supernatant and precipitate. Na2SO4T0H2O (3%) was then 
added to the supernatant. Again, the supernatant was separated by centrifuging at 
2500 rpm for 20 minutes and filtered by using a GF/C filter. The supernatant was 
then acidified with conc. HCl into pH 1.5 and separated into soluble fractions (fulvic 
acid), and insoluble fractions (humic acid). These fractions were neutralized at pH 7 
with NaOH and HCl solution. The neutralized solutions were used as a stock solution 
after being filtrated with a 0.45/xm membrane filter for the preparation o f synthetic 
raw model water by dilution with DI water.
3.3.2 Organic Concentration and Structural Property of NOM
To examine the organic matter concentration o f humic substances fraction 
separated from sediments in Daecheung Lake, DOC, and UV254 were measured using 
the USEPA’s standard method as well as the Korean EPA standard method. SUVA 
was also employed to analyze the structural properties o f humic substances. The 
analytical instruments used are shown in Table 3.3.
A. Dissolved Organic Carbon (DOC, mg/L) Measurements
DOC is an indicator for generically expressing the concentration o f dissolved 
organic carbon in water. The organic matter in sample water filtered through a 
0.45/rm membrane filter and was oxidized into CO2 , H2O, and N 2 by means of a 
persulfate method. Among those gases, H2O was removed from the condenser, and 
the remaining gases were transferred to NDIR via a mobile-phase oxygen or nitrogen 
gas for the analysis of CO2 concentrations.
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Sediment + 0. IN NaOH
after 30min heating in boiling water bath, 
ISOrpm, 24hr shaking
Centrifuge (2500rpm, 20min)
r  ^  1
Sedim ent Supernatant
^  +Na2S0i (3%) 
Centrifuge C2500rpm. 2Qmin)
Sedim ent Supernatant
i
Filtration
Sedim ent Supernatant
I  HCKl+3), pH 1.5 
Centrifuge (2500rpm, 20min)
i  1
Precipitate
pH7 (NaOH)
Supernatant
pH7 (NaOH)
Humic acid Fulvic acid
Fig. 3.2. Extraction method of humic substances from sediment
B. UV254 (UV 254nm absorbance, cm'^) Measurements
UV 254 (UV 254 nm absorbance, cm'^) is an indicator for generically expressing 
the concentration o f UV absorbing materials in water. The sample water was filtered 
through a 0.45jLim membrane filter and then put into a 10 mm UV cell so that its 
absorbance could be measured at 253.7 nm.
C. Specific UV absorbance (SUVA: cm'Vmg/L)
The SUVA value was calculated by the ratio o f UV 254 absorbance to DOC 
through the measured values o f UV 254 and DOC. This indicator was taken in order to 
examine the unsaturation degree and/or aromaticity of humic substances. Generally,
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a higher SUVA value means a large number o f linkages of unsaturated carbons on a 
total organic carbon basis, as well as high aromaticity. In addition, higher aromaticity 
can be construed as having a structure with a relatively large molecular weight. On 
the contrary, a lower SUVA value means saturated aliphatic compounds as well as 
the biodegradable potential of organic carbons.
Table 3.3. Instruments for analysis
Item Unit Apparatus and its Model
DOC mg/L TOC Analyzer (Dohrmann DC-180)
UV254 cm'^ UV/VIS spectrophotometer (Mecasys, Optizen 2120uv
3.3.3 Analysis of Apparent Molecular Weight Distributions
The AMW distributions o f the fractions o f humic and fulvic acids were 
measured by cut off their size using an ultrafiltration stirred cell with the membranes 
of a range 3,000, 10,000 and 30,000 daltons. Membranes were an YM series with 62 
mm in diameter, an area o f 28.7 cm^, and were made of cellulose acetate (Amicon 
Co., USA). The membranes were washed using 150 mL of raw water poured into the 
cell, and 55 psi o f pressure was then applied. Filtration continued until 75 mL of 
permeate was obtained; and at this stage, each fraction was sampled and analyzed for 
DOC, UV254-abs and THMFP.
3.3.4 Analysis of Trihalomethane Formation Potentials
To examine the trihalomethane formation potential (THMFP) o f humic ' 
substances isolated, the THM concentration was analyzed according to the US 
Standard method 571 OB. In addition, STHMFP (specific trihalomethane formation 
potential, /xg/mg), which is the ratio of THMFP to DOC, was evaluated.
A. THMFP (trihalomethane formation potential, /ig/L)
Chlorine was dosed to allow free residual chlorine in sample water to reach 3-5 
mg/L. Analysis was then performed on THMs that were generated through reactions 
at pH 7.0, 25±2°C for 7 days, which was defined as THMFP (trihalomethane 
formation potential, using US Standard method 5710B). Analysis was performed 
using gas chromatography (GC HP6890, USA) with purges & traps. FID was used as 
a detector. Table 3.5 shows an analysis o f the conditions for GC. As standard
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reagents, 99.9% pure chloroform, bromodichloromethane, bromoform, and 
dibromochloromethane (WAKO, Japan) were used.
Fig. 3.3. Scheme o f Ultrafiltration Apparatus 
1. Stirred cell 2. Membrane holder 3.Wrap-around clamp 
4. Magnetic stirrer 5. Stirring bar 6. Exit port
7. Beaker 8. Electric balance 9. Gas valve
10. N 2 Gas tank P. Pressure regulator
B. STHMFP (specific trihalomethane formation potential, fig/mg) 
Evaluations were performed for TECMFPs (/^g/L) per DOC (mg/L), so called 
STHMFP (Specific Trihalomethane Formation Potential, /xg /mg).
Table 3.4. Analytical condition o f Gas Chromatography
Column: Vocol 0.32 mmx60 m Initial temperature: 35 °C
Carrier gas: N 2 Final temperature: 220 °C
Detector: FID Retention time: 43.5 minutes
Detection temperature: 230°C Injection volume: 25 mL
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3.4 Evaluation of Coagulation performance in the Removal of Natural Organic 
Matter
3.4.1. Preparation of Model Waters and their Water Qualities
Synthetic model waters used for these experiments were prepared using humic 
acid and fulvic acid fractions isolated from lake sediment of Daecheung, and using 
salts (3 mL/L of IM  NaHCOs) and kaolin (2 mg/L) as turbidity material to reproduce 
alkalinity and hardness values. The water quality characteristics o f two model waters 
can be seen in Table 3.5-3.7.
Table 3.5. Water quality characteristics o f NOM model waters for coagulation 
, . - * 
using conventional coagulants.
Parameters
Humic acid Fulvic acid
Range Mean Range Mean Range Mean Range Mean
pH 6.31-6.66 6.52 7.48-7.71 7.55 6.42-6.67 6.57 7 .22-7 .37 7.37
Turbidity (NTU) 3.18-6.00 4.94 5.20-7.49 6.44 3.30-9.07 5.84 4 .60-8 .16 6.32
U V 254-abs (cm 'b 0.215-0.255 0.229 0.263-0.278 0.269 0.051-0.069 0.061 0 .054-0 .072 0.064
UV42o-abs (cm 'b 0.053-0.061 0.056 0.055-0.068 0.062 0.004-0.006 0.006 0.007-0 .009 0.008
DOC (mg/L) 2.67-3.17 2.85 3.27-3 .46 3.35 2.01-2.72 2 .40 2.13-2.83 2.52
SU V A  (cm-'/mg-L-*) - 0 .080 - 0.080 - 0.025 - 0.025
Table 3.6. Water quality characteristics o f NOM model waters for coagulation 
using KSF based clay coagulants.*
Parameters
Humic acid Fulvic acid
Range Mean Range Mean Range Mean Range Mean
pH 6.30-6.60 6.45 7.24-7 .64 7.45 6.20-6.45 6.31 7 .20-7 .37 7.26
Turbidity (NTU) 3.96-7.04 5.49 3.97-7.00 5.35 3.64-5.17 4.24 2 .70-5 .09 3.85
U V 254-abs (cm 'b 0.251-0.260 0.255 0.235-0.266 0.254 0.068-0.073 0.071 0.063-0 .075 0 .070
U V 42o-abs (cm*') 0.058-0.062 0.060 0.061-0 .064 0.063 0.006-0.009 0.007 0.006-0 .008 0.007
DOC (mg/L) 3.12-3.23 3.17 2.92-3.31 3.16 2.68-2 .87 2.80 2.48-2.95 2.76
SU V A  (cm'Vmg-L'b - 0.080 - 0.080 - 0.025 - 0.025
Discussion of quality characteristics of model NOM water can be seen in Sections 4.4.
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Table 3.7. Water quality characteristics of humic acid model waters for
Coagulation using K10 based clay coagulants*.
Parameters
Humic acid Fulvic acid
Range Mean Range Mean Range Mean Range Mean
pH 6.41-6.73 6.57 7.27-7.80 7.53 6.13-6.38 6.23 7.04-7.27 7.17
Turbidity (NTU) 2.18-3.25 2.91 2.30-3.77 2.99 4 .20-9 .40 7.81 3.80-8.48 6.45
U V 254-abs (cm 'b 0.215-0 .259 0.239 0.231-0.258 0.245 0.069-0.073 0.071 0.070-0.075 0.073
U V 42o-abs (cm ') 0.051-0.061 0.057 0.053-0.061 0.058 0.006-0.008 0.007 0.006-0.008 0.007
DOC (mg/L) 2.67-3 .22 2.97 2.87-3.21 3.05 2.72-2.87 2.80 2.76-2.95 2.87
SU V A  (cm '/m g L 'b - 0.080 - 0.080 - 0.025 - 0.025
3.4.2 Coagulants
The coagulants used in this study included aluminium sulphate (AS), poly­
aluminium chloride (PAC), ferric sulphate (FS) and Al/Fe-modified clay coagulants. 
All coagulants were listed in Table 3.8.
PAC was synthesized in laboratory following the established procedures 
(described in Section 3.2) and Al/Fe-modified clays were prepared in the laboratory 
using the method described in Section 3.1.
The dosages o f Al/Fe-modified clays were 200,400, 600, 800, 1000, and 1200 
mg/L, respectively. The dosages o f AS and PAC were in the range of 1-10 mg/L as 
Al, and dosage o f FS was in the range o f 2-20 mg/L as Fe, respectively.
Table 3.8. The label o f the coagulants used
Coagulant Abbreviation
Raw montmorillonite KIO
Polymeric Fe modified montmorillonite KIO
Polymeric Al modified montmorillonite KIO
Polymeric Al/Fe modified montmorillonite KIO
Raw montmorillonite KSF
Polymeric Fe modified montmorillonite KSF
Polymeric Al modified montmorillonite KSF
Polymeric Al/Fe modified montmorillonite KSF
Aluminum sulphate
KIO
Fe-KlO
Al-KlO
Al/Fe-KlO
KSF
Fe-KSF
Al-KSF
Al/Fe-KSF
AS
Discussion of quality characteristics of model NOM water can be seen in Section 4.4.
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Poly-aluminum chloride 
Ferric sulphate
PAC
FS
3.4.3 Jar Test procedure
Jar tests were carried using the jar tester (Model Flocculator SW l, Stuart 
Scientific, UK) with 6-paddle type impellers and Hudson jars o f 1 L. The pH of raw 
model waters were adjusted to around 6.5 and 7.5 at 20°C. After putting raw water 
into each jar, the jars were subjected to rapid mixing (150 rpm) for 1 minute; slow 
mixing (36 rpm) for 30 minutes, and the settling time was 1 hour. Then, the 
supernatant was withdrawn from the middle level o f the water in the jar. The pH and 
turbidity o f sample were measured directly. The UV254-abs, DOC and metals 
concentration of the solution were measured after filtering with 0.45-/xm-membrane 
filter paper.
3.4.4 Water Quality Analysis
The water quality parameters o f raw and treated water were measured as pH, 
turbidity, UV254, DOC and residual metals concentration according to the USEPA 
and Korea standard procedures. The instrumental apparatus for analysis used in this 
study were presented in Table 3.9.
Table 3.9. Instruments for analysis
Item Unit Apparatus and its Model
pH 211 pH meter (Hanna Instruments, UK)
Turbidity* NTU Jenway 6035 Turbidity Metre (Fish, UK)
UV254/UV420 cm'^ Uy/yiS spectrophotometer (Unicam)
DOC mg/L TOC Analyzer (Dohrmann DC-180)
3.5 Evaluation of Coagulation performance in the Removal of Algae 
3.5.1. Culturing and Analysis of Microsystis aeruginosa and Oscillatoria sp. 
Table 3.10. Culturing Condition o f algae
Microcystis aeruginosa sp. Oscillatoria sp.
Temp. (°C) 25 28
Light (Lux) 1800-2000 : 0 (16L : 8D) 1800-2000 : 0 (16L : 8D)
Stirring Speed (rpm) 50 80
Turbidity analysis method can be seen in Appendix 1.
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Table 3.11. Nutrient Medium and Concentration in CB Media.
Algal Culture Medium Concentration (mg/L)
Ca(N03)2-4H20 150
KNO3 1 0 0
3 -Na2glycerophosphate 50
MgS04-7H20 40
Vitamin B12 0 .0 0 0 1
Biotin 0 .0 0 0 1
Thiamine-HCl 0 .0 0 1
Biocin 500
*PIV metal 3mL
* PIV metal: FeCfl 6H2O 19.6 mg/L, MnCl2-4 H2 0  3.6 mg/L, Z11SO4 7 H2O 2.2mg/L,
C0 CI2 6 H2O 0.4mg/L, Na2Mo0 4 -2 H2 0 , 0.25mg/L, Na2EDTA 2 H2O lOOmg/L
Algae, Microcystis aeruginosa and Oscillatoria sp. were cultured in 1 L 
erlenmeyer flask with culture condition o f CB, 25°C and 2000 Lux with 16/8 hours 
o f light-dark intervals in shaking chamber o f 50 rpm. It took 12 days from lag phase 
to stationary phase and took about 2 months to death phase. The cell count by 
hemocytometer gave similar results chlorophyll-a analysis, but it may not give more 
correct information than chlorophyll-a analysis. Table 3.8 represents culturing 
conditions o f algae, and Table 3.9 represents the nutrient medium used and their 
concentrations in CB Media.
3.5.2 Preparation of Algal Model Waters and Water Qualities
For exploring algae removal efficiency with coagulation, tests were carried out 
with synthetic model water containing aeruginosa plus kaolin (30 mg/L).
The water quality characteristics o f algal model waters were represented in table 3.12 
and 3.13. Oscillatoria sp. was not used for subsequent test program because 
coagulation was good enough to remove all species of Oscillatoria sp. from the pre­
test o f water.
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Table 3.12. Water quality characteristics of algal model waters for KSF and KIO
based coagulants.
Parameters
KSF based Coagulants KIO based Coagulants
Range Mean Range Mean
pH 7.50-7.52 7.51 7.50-7.51 7.50
Alkalinity (ppm as CaCOs) 44.0-54.0 49.06 39.5-50.5 45.8
Turbidity (NTU) 32.0-53.0 37.07 29.3-44.3 36.87
Chl-a (mg/m^) 18.67-34.92 24.69 15.71-30.45 23.71
DOC (ppmC) 14.05-23.18 18.11 16.54-23.47 20.79
Table 3.13. Water quality characteristics o f algal model waters, for Bentonite 
based Coagulants, Clays and Conventional Coagulants.
Parameters
Bentonite based 
Coagulants and Clays
Conventional
Coagulants
Range Mean Range Mean
pH 7.50-7.55 7.52 7.50-7.52 7.51
Alkalinity (ppm as CaCOs) 45.5-67.0 54.64 38.0-42.0 39.5
Turbidity (NTU) 30.0-56.7 43.97 25.0-30.0 26.25
Chl-a (mg/m^) 12.19-18.17 14.64 21.8-29.68 26.80
DOC (ppmC) 5.29-19.49 9.33 7.50-12.15 10.36
3.5.3 Coagulants
The coagulants used in this study included aluminium sulphate (AS), ferric 
sulphate (FS), poly-aluminium chloride (PAC), poly-ferric sulphate (PFS) and Al/Fe- 
modified clays. AS and FS were commercially available, and PAC, PFS and Al/Fe- 
modified clays were prepared in laboratory as described in Sections 3.1.2.2 and 3.2.1, 
respectively.
3.5.4 Jar Test procedure
Jar tests were carried out for different coagulant dosages using the ja r tester 
(Model PB-900, Phipps & Bird Co, USA) with 6-paddle type impellers and 6 jars 
with the size of 9.2 cm in W x 9.2 cm  in L x 11.5 cm in H. For a temperature o f 20°C, 
2 L raw water with pre-adjusted pH at 7.5 was put into each jar, and was subjected to 
rapid mixing (200 rpm) for 5 minutes, slow mixing (50 rpm) for 15 minutes, and the 
settling time was 1 hour. Then, after standing for an hour, approximately 600 mL of
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supernatant was drawn through the sampling port located 7 cm below from the 
surface o f the water in the jar. The pH and turbidity o f sample were measured 
directly. The DOC of the solution was conducted after filtering with 0.45-/xm- 
cellulose membrane filter paper.
3.5.5 Water Quality Analysis
The water quality parameters of raw and treated water were measured as pH, 
alkalinity, turbidity, chlorophyll-a, and DOC according to the USEPA and Korea 
standard procedures. The instrument used in this study can be seen in Table 3.14.
Table 3.14. Instruments for analysis
Item Unit Apparatus and its Model
DOC mg/L TOC Analyzer (Dohrmann DC-180)
Chlorophyll-a mg/L UV/VIS spectrophotometer 
(Mecasys, Optizen 2120uv)
pH pH meter (TOA HM 30V)
Turbidity NTU Turbidimeter (HACH 2100 AN)
3.5.6 Performance Test on Algae Removal Using Al/Fe-Modified Clays
For exploring algae removal efficiency by PAC coagulants with different aging 
times of 2, 4, 6 hours, tests were done with synthetic model water containing 
Microcystis aeruginosa plus kaolin (30 mg/L) as a turbidity material in solution, its 
pH was between 7.0-7.5, alkalinity was 30-45 mg/L and with spiking o f analytically 
detectable amount o f algae.
3.6 Evaluation of the coagulation performance in the Treatment of Car Washing 
Wastewater
3.6.1 Coagulants
The raw clays used in this study, i.e. montmorillonites KIO and KSF were 
supplied by Sigma-Aldrich Chemicals Corporation, UK. The polymeric Al/Fe 
modified clays were prepared following an established procedure (Jiang, 2001) as 
described in Section 3.1. Except for the modified clay coagulants, other coagulants 
were ferric sulphate (FS), aluminium sulphate (AS), and poly-aluminium chloride
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(PAC), which were commercially available. All coagulants used in this study were 
listed in Table 3.15.
The dosages o f Al/Fe-modified clays were 200,400, 600, 800, 1000, and 1200 
mg/L, respectively, and the dosages of AS, FS and PAC were in the range o f 2-12 
mg/L as Al, or as Fe, respectively.
Table 3.15. The label o f the coagulants used
Coagulant Label
Raw montmorillonite KIO KIO
Polymeric Fe modified montmorillonite KIO Fe-KlO
Polymeric Al modified montmorillonite KIO Al-KlO
Polymeric Al/Fe modified montmorillonite KIO Al/Fe-KlO
Organic polymer modified montmorillonite KIO P7-K10
Raw montmorillonite KSF KSF
Polymeric Fe modified montmorillonite KSF Fe-KSF
Polymeric Al modified montmorillonite KSF Al-KSF
Polymeric Al/Fe modified montmorillonite KSF Al/Fe-KSF
Organic polymer modified montmorillonite KSF P7-KSF
Aluminium sulphate AS
Poly-aluminium chloride PAC
Ferric sulphate FS
3.6.2 Wastewater Samples
Car-washing wastewater samples were taken from the Garages in Yusoung, 
Daejeon City, Korea. The quality characteristics o f raw car-washing effluent can be 
seen in Table 3.16. The variation o f quality characteristics o f car-washing wastewater 
was due to the variations of the type o f vehicles, personal preference in washing a car 
(e.g., the selection of the detergents) and the climate (e.g., raining) in the 
experimental period (March -  May 2003),
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Table 3.16. Quality characteristics o f raw car-washing effluent
Parameter Range Mean Value
pH 6 .9 -7 .1 7.0
Alkalinity (mg L'^ as CaCOs) 110-160 135
Turbidity (NTU) 8 1 -1 6 0 120
Total suspended solids (mg L’ )^ 4 4 -1 1 6 80
C O D cr(m gU ') 4 9 -1 2 1 85
Oil contents 7 6 -1 5 0 113
(mg L'  ^ as Hexane extractant)
3.6.3 Water Quality Analysis
The measurement o f pH, alkalinity, turbidity, suspended solids (SS), total 
chemical oxygen demand (CODcr) and the oil contents followed the Korean Standard 
Methods (Korea EPA, 2000).
3.6.4 Jar Test Procedure
A standard jar test apparatus (Model PB-900, Phipps & Bird Co, USA) and a 
procedure were used in the study, including a fast mixing at 250 rotations per minute 
(rpm) for 1 minute, a slow mixing for 30 minutes at 45 rpm, and a settling time o f 60 
minutes. The supernatant was taken for the quality measurement.
3.7 Analytical Quality Assurance And Control of Various Water Samples
For the above detailed experiments o f model waters with NOM and algae and 
car wash wastewaters, all samples were analysed three times and the data were 
collected from a mean value. Moreover, the instrument was calibrated daily with 
standard procedures. The standard deviation o f each measurement was less than 5%. 
The detailed data were attached as an appendix with this thesis.
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CHAPTER 4 RESULTS AND DISCUSSION
4.1 The Properties of Raw Clays and Al/Fe-modified Clay Coagulants
4.1.1 Physicochemical Properties of Raw Clays
The physicochemical properties of various raw clays are presented in Table
4.1.1. The physical properties include pH, swelling, turbidity, surface area, and X-ray 
diffraction (XRF) were measured, while the chemical properties such as a cationic 
exchange capacity, the chemical composition o f metal oxide by X-ray fluorescence, 
and the surface functional groups by FT-IR were analysed.
Table 4.1.1 Physicochemical properties o f raw clays
Clays
Items
Raw
Bentonite
Purified
Bentonite
Ca-
Bentonite
Na-
Bentonite
M ontm orillo­
nite KSF
M ontm orillo­
nite KIO
pH 8.45 7.03 8.00 10.63 1.82 7.90
Swelling volum e 
(mL/2g)
7 11 10.5 85 4.5 5.5
Surface area (m^/g) 496.9 660.8 501.5 657.9 448.7 512.5
Cationic exchange 
capacity (CEC) 
(meq/lOOg)
55.42 45.34 47.31 145.52 65.19 64.09
Specific charge density 
(Peq/g)
-10.43 -5 .73 -8 .5 3 - 180.50 - 1.25 -6 .3 3
The above table will be described in following sections.
4.1.1.1 Physical Properties of Raw Clays
A. pH
The pH of a 10% clay solution (1 g clay + 1 0  mL deionised water) after aging 
10 minutes is shown in Table 4.1.1. Except for the acid-treated montmorillonite KSF 
(pH 1.82), most clays showed a pH value ranging from 7.03 to 10.63. The pH o f KIO 
montmorillonite was 7.9, almost equivalent to that o f the bentonite-Ca clay. The Na- 
bentonite showed the highest pH because it had a high degree of substitution of 
hydrogen ions with sodium ions.
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B. Swelling Property
Each2  g of dried clay sample with 80-100 meshes was put slowly into 100 mL 
deionised water o f masuring cylinder, and the swelling properties o f the clays were 
measured from the height o f sediments after stabilization.
Na-ion exchanged bentonite showed a swelling capacity o f 85 mL, while other 
clays showed a swelling volume o f 4.5 to 11 mL because Na-type bentonite was 
replaced with hydrophilic Na ions. On the other hand, the swelling volumes o f 
montmorillonite KSF and KIO were smaller.
C. Surface Area
The B.E.T surface areas are shown in Table 4.1.1. and were measured by the 
EGME method (Carter, 1965). The surface areas o f clays were in the range o f 449- 
661 m^/g. The size o f the surface area was in the order o f purifted-bentonite (661 
m^/g) > Na-bentonite > KIO > Ca-bentonite > Raw- bentonite > SF (449 m^/g).
D. X-ray Diffraction (XRD)
Figure 4.1.1 shows the result o f an XRD analysis. The principal constituent of 
raw-bentonite, purifted-bentonite, Ca-bentonite, and Na-bentonite is the 
montmorillonite. However, these clays are mixed with cristobalite, quartz, and 
feldspar. The SiOi mineral, cristobalite, was observed in the vicinity o f 21 at the 2 0  
value o f raw-bentonite. It was also observed in the purifted-bentonite clay because 
silicate minerals were not completely removed during the purification o f raw- 
bentonite. As a result, this compound was also observed in the Ca-bentonite and Na- 
bentonite substituted with Ca^”^ and Na^ ions.
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Na-B.
Ca-B.
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Fig. 4.1.1. XRD pattern of raw clays
For Na-substituted bentonite, the peak o f the (dOOl) was shifted by structural 
change through cationic exchange. And the (dOOl) spacing was found to be 
narrower than Ca-bentonite. Thereafter, the Ca element was observed in the vicinity 
o f 29.5 at the 2 0  value. It is believed that calcium ion, which was leached out o f the 
montmorillonite during Na-substitution, reacted with Na2C0 3  to generate CaCOs 
(calcite). KIO is assumed to be a mixture o f montmorillonite, illite, kaolinite, and 
quartz, while KSF is a mixture o f montmorillonite, quartz, feldspar, illite, and 
kaolinite. As shown in Table 4.1.2, the main clay constituent, montmorillonite, had 
the values o f d-space at (dOOl), which were 15.49, 14.47, and 12.52Â, respectively.
Table 4.1.2. Basal spacing properties o f raw clays
Type of Minerals 2 0  Value Basal spacing (dOOl)/ Â
Raw-B. 5.70 15.4923
Purified-B. 5.75 15.3577
Ca-B. 5.70 15.4923
Na-B. 7.05 12.5284
KSF 5.80 15.2254
KIO 5.55 15.9107
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4.1.1.2 Chemical Properties
A. Cationic Exchange Capacity (CEC)
Cationic exchange capacities o f clays were measured by the cations exchange 
method (Inglethorpe, 1993) and presented in Table 4.1.1. The cationic exchange 
capacity of Na-bentonite was 145.52 meq/lOOg, which is the highest among clays. 
The cationic exchange capacity o f other bentonite-based clays was between 47 and 
55 meq/lOOg. The CECs o f montmorillonite-based KSF and KIO were 
approximately 65 and 64 meq/lOOg, respectively.
B. X-ray Fluorescence (XRF)
The XRF data were collected on a Rigaku RIX 2100 spectrometer. The major 
elements of clays are expressed as oxides o f the samples. For bentonite, the SiO] 
content decreased approximately 5% during the purification process. On the other 
hand, the AI2O3 and Fe2 0 s content increased approximately 2 %, but slightly 
decreased because o f Na-ion exchange. In addition, the Na2 0  content increased 
approximately 3% owing to Na-ion exchange. The Si0 2  content in montmorillonite- 
based KSF and KIO was smaller than bentonites, but the AI2O3, Fe2 0 3 , MgO and 
K2O content was greater than bentonites. There was no statistical difference in 
composition between KSF and KIO.
Table 4.1.3. Chemical compositions o f raw clays by XRF*
SiOz AI2O 3 FeaOs M gO CaO K 2O TiOa NaaO P 2O 5
%
R aw  Bentonite 63.2 23.1 4.54 4.01 3.84 0.627 0.431 0.183 0.064
Purified Bentonite 61.2 25.10 5.25 4.53 2.88 0.542 0.394 0.067 0.029
Ca-Bentonite 61.1 25.2 5.32 3.89 3.59 0.512 3.384 0.061 0.027
Na-Bentonite 58.7 23.3 4.83 3.86 5.05 0.637 0.421 3.230 0.031
KIO 54.4 26.9 7.36 5.42 4.12 1.170 0.436 0.146 0.062
KSF 55.6 26.8 7.32 5.14 3.16 1.330 0.427 0.128 0.079
* For replicate raw  data, see A ppendix 2.
C. FT-IR
The m  spectra of clays are plotted in Figure 4.1.2. The raw-bentonite showed a 
decrease of % transmittance during the purification process. The Na—substituted 
bentonite showed a lower transmittance than Ca—substituted bentonite. For the 
montmorillonite, the transmittance o f acid-treated KSF was lower than KIO because
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of loosing functional group on surface o f clay by acid treatment or cation exchange 
procedure. In addition, both silicate (approximately 1100 cm'^) and OH (3400-3700 
cm'^) showed decreases as a function o f decreasing transmittance. This is believed to 
be attributed to the decrease in S1O2 content. On the other hand, for both KIO and 
purified bentonite, a relatively sharp absorption peak of silicate and OH was 
observed.
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1.2. FT-IR spectra o f various clays
4.1.1.3 Leaching Test of Raw Clays
To test the equilibrium state o f Al^^ ion in solution, MINEQL+, a chemical 
equilibrium-modelling program, was used. Figure 4.1.5 shows the concentration 
profile curve of dissolved Al^^ ions as a function o f pH variations in solutions. It was 
found that Al^^ showed a hydrolytic reaction in the vicinity o f pH 3.3 to 3.5, being 
converted into diaspore(s) through dissolved A1(0H)2^, Al(0H)3(aq), A1(0H)4% and 
AlOH^^, thus leading to the occurrence o f precipitation. Nonetheless, Al^^ was 
observed to cause no co-precipitation with other metal ions, when it was mixed with 
other metals, such as Cu^^, Mn^^, Pb^^, Zn^^.
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Fig. 4.1.3. Chemical equilibrium of five metallic cations in ImM  solution.
To identify the leaching characteristics o f the Al^^ion fi*om raw clays used in 
this study, leaching experiments with 5g-clay/L suspended solutions at pH 5 were 
performed independently in the ja r tester under the same procedure as the ja r test, 
and the results are illustrated in Figure 4.1.4.
After the two-hour leaching experiment, a higher level o f Al^ "^  concentration 
(53 mg/L) was leached out o f the KSF. However, little Al^ "^  was leached out firom 
other clays. It is supposed that this is attributed to a drop in pH as a result o f the KSF 
as it has been pre-treated by the acid. Therefore, Al^^ can be dissolved from Raw- 
KSF clay when the dose o f KSF was great. It is also believed that metal ions, which 
leached out of KSF in the pretreatment procedure, are likely to be adsorbed on the 
surface of the clay and released into water when they are dosed. The use o f Raw- 
KSF is thus limited as leached metal ions (e.g., Al^”*") will significantly exceed the 
drinking water standards.
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Clays
Fig. 4.1.4. ion leached out of clays (5 g/L) at pH 5 for 2 hours
4,1.2 Characteristics of Al-Modified Bentonite
4.1.2.1 Mechanism of Al-modification on Bentonite
Conditions of preparing the Al-modified bentonite, e.g., variations of pH and 
concentrations o f cations in solution and at different ageing times, were monitored 
and presented in Figure 4.1.5 and Table 4.1.4. A 2mM PAG solution per Ig-clay was 
prepared in advance, in which there were no other basic exchangeable cations, i.e., 
Ca^^, Mg^^, Na% K^. The pH of PAC solution was about 2.3 at the initial state and 
increased rapidly until about 4.7 by adding o f Na-bentonite clay into solution 
because of the exchange of cations with polymeric Al^^ and H^. Then the solution, 
finally, equilibrated at pH about 4.5. Basal spacing (dOOl) of bentonite clays treated 
with polymeric Al^^ species was increased from 12.53 Â to about 16.54 Â, and the 
increase in ageing times did not increase the basal spacing.
It is clear that the main cation exchange and adsorption are undertaking rapidly 
within 1 hour. The basic cations, e.g., Na^, Ca^^ and Mg^^, in clay mineral lattice 
were substituted with polymeric Ap^ and H^ within 1 hour. Some of the polycationic 
species in solution were also definitely going into the internal structure o f the clay 
mineral as derived from the XRD results. The equilibrium point may be reached for 
an ageing period of around 4 and 5 hours. During the ageing period, an isomorphous
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substitution of with was undertaken in this reaction condition. This implies 
that the mechanism of modifying bentonite with polycationic species is based on 
cation exchange and intercalation.
6.0  -
5.5 -
5.0 -
4.0 -
3.5 -
3.0 -*
2 4 61
Aging Time (hrs)
Fig. 4.1.5. Variation o f pH in solution Al-modifying bentonites with 
different ageing time
Table 4.1.4. Variation o f concentrations o f cations in solution for modifing 
bentonites (25g) with O.IM PAC pillaring solution
Cations (mg/L) in solution
O.IM PAC Ihr 2hrs 4hrs 6hrs
Al 2719 80.7 71.35 193 372.1
Na 3682 4385 4372 4022 4072
Ca 1.92 972.2 928.1 939.5 95.36
Mg ND 93.08 92.98 96.91 97.51
K 3.99 68.92 69.74 62.49 60.66
Cu 0.04 0.06 0.06 0.07 0.07
Mn 0.03 0.22 0.23 0.35 0.35
Si ND 0.63 0.69 0.45 0.88
Zn 0.14 0.09 0.09 0.38 0.14
Fe 0.14 ND ND ND ND
Pb ND ND ND ND ND
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The amount o f polymeric Al adsorbed on bentonite was about 2mM per Ig-clay 
as shown in Table 4.1.5. Some o f Al^^ on/in the clay mineral lattice must also have 
been hydrolysed to aluminium hydroxide under this condition.
Table 4.1.5. Amount o f Al adsorbed onto bentonites with different 
ageing times during the modification
Aging Time 
(hrs)
Amount o f Al adsorbed per g clay
(mg) (mM)
1 52.3 1.94
2 52.5 1.95
4 50.1 1.86
6 46.5 1.72
4.1.2.2. Chemical Composition
Table 4.1.6 shows the major elements o f Al-modified bentonite, which were 
determined by XRF and expressed as the oxide o f metal. The amounts o f AhOs 
increased initially and then decreased slightly in the modification procedure with the 
Al polycationic species, whilst the amounts of MgO, CaO and Na20 were reduced 
parently by substitution with or species in solution. The slightly decreasing 
of percentages o f AhOs and increasing o f MgO and CaO after 2-hrs aging can be 
contributed to the chemical eqlibrium shift when the adsorbed Al species could be 
desorbed from the bentonite space and returned to the pilling solution. These results 
also support the above-mentioned mechanisms o f Al-modification.
Table 4.1.6. Chemical compositions of Al-modified bentonite by XRF*
SiOz AI2 O3 FezOs MgO CaO K2 O TiOz NazO P2 O5
%
Na-Bentonite 58.70 23.30 4.83 3.86 5.05 0.64 0.42 3.23 0.031
Ihr-aged 54.44 36.10 4.36 2.50 0.54 0.59 0.38 1.08 0.030
2hrs-aged 54.70 36.10 4.38 2.46 0.52 0.60 0.38 0.81 0.030
4hrs-aged 56.40 34.20 4.41 2.55 0.45 0 . 6 6 0.41 0 . 8 6 0.035
6hrs-aged 57.00 33.40 4.51 2.69 0.44 0 . 6 6 0.42 0.83 0.035
*For replicated data see Appendix.
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4.I.2.3. Structural Property
Fig. 4.1.6 shows the XRD patterns for Al-modified bentonites with different 
ageing times. The main peaks marked by (■) are the d 001 reflections indicative of 
2:1 swelling clay, montmorillonite. The other peaks are impurities corresponding to 
quartz(o), plagioclase feldspar(c), and cristobalite(v) and so on. No big differences 
seem to exist between the XRD patterns for Al-modified bentonites with different 
ageing times without peak shift o f Al-modified bentonites compare to Na-bentonite 
owing to the change of internal space structural by resubstitution o f Na with Al 
species. It can be also seen that CaCOs (calcite) in Na-bentonite was removed.
(110, 020)
(001)
(006)
6hrs
4hrs
2hrs
Al-B. Ihr
Na-B.
30 35 4520 25 4010 155
2 Theta
■ Montmorillonite, □ Quartz, ▼ Cristobalite, v Feldspar 
Fig. 4.1.6. XRD pattem of Al-modified bentonites with different ageing 
times
Table 4.1.7 summarizes the d 001 reflection data for all the samples analysed. It 
is clear that the basal spacing of polymeric Al modified montmorillonite increased 
from 12.53Â to about 16.54 Â. However, the basal spacing did not increase with 
ageing times, suggesting that just an isomorphous substitution o f Ca^^ by Al species 
was undertaken in this period, and that the ageing time did not contribute to the 
increase in the basal spacing.
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Table 4.1.7. Basal spacing properties o f Al-modified bentonites with 
different ageing times
Ageing Time (hrs) 2 0  Value Basal spacing (dOOl)/ A
Na-B. 7.05 12.5284
1 5.30 16.6602
2 5.34 16.5355
4 5.78 15.2777
6 5.28 16.7233
4.1.2.4. Surface Chemical Property
The FT-IR spectra o f Al-modified bentonite are plotted in Figure 4.1.7. For 
bentonites, for both 1 and 2 hour-aged Al-modified bentonite, relatively sharp peaks 
o f silicate and OH are shown. On the other hand, the sharpness o f peaks o f silicate 
(approximately 1100 cm'^) and OH (3400-3700 cm'^) reduced as a function o f 
treatment time. This is believed to be attributable to the decrease in SiOi content. 
The peaks o f deformation of bonded or zeolitic water, which presents at 1630-1660 
c m '\ also support these facts.
Al-B. Aging 6hrs
4hrs
2hrs
Ihr
Na-B.
2000 100030004000
Wavenumber(cm'*)
Fig. 4.1.7. FT-IR spectra of Al-modified bentonites with different 
ageing times
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Table 4.1.8. Properties of FT-IR spectra of Al-modified bentonites
Wavenumber (cm‘^ ) Adsorption Band Due to
3700 Stretching o f 0 -H  in the crystal structure
3550 Stretching of 0-H  in bound water
3400 Hydration, OH stretching
1660 Formation of bonded water
1630 Formation of zeolitic water
800-1200 Silicates
680-500 A106 octahedra in condensed state
8  L each o f the anionic standard electrolyte blank solution (O.OOIN PES-Na) 
and the cationic standard electrolyte blank solution (O.OOIN Poly-Dadmac) were 
prepared, and their pH was adjusted to 7.0 with O.IN NaOH and HCl solutions, 
respectively. Then, the charges o f standard solutions were measured with each other 
counter ionic standard electrolyte. Ig o f clay sample was added into IL  o f each 
electrolyte blank solution in the jar o f a jar tester (Phipps & Birds, PB900), and the 
resulting solution was fast mixed (250 rpm) for 1 minute, then slowly mixed (30 rpm) 
for 30 minutes, and was left standing for 1 hour. About 20 mL o f supernatant was 
withdrawn through the sampling port located 7 cm below the surface o f water and 
was titrated with counter ionic standard electrolyte to PZC using a Particle charge 
detector (PCD O3 pH, Miitek, Germany) as described in 3.1.1.2 D. From the charge 
differences in the blank solution, the charges o f clays were calculated. These results 
are presented in Table 4.1.9.
As can be seen in Table 4.1.9, the raw-bentonite has a buffering property 
because it contains both ionic charges firom cationic and anionic sites. However, 
when the raw-bentonite was treated with Ca^^ or Na^ solution, it lost the cationic 
charge owing to the missing cationic site by isomorphous substitution.
- [-0-Si-0-]„- +Ca^  ^ ^  -[-O-Ca-O-rvi 2 -
=Si—OH
= M—OH = M — OH' + H" (M: Al or Fe)
=Si—O' +
r+
The Na-bentonite treated with polymeric Al solution had a relatively large 
cationic charge because of the isomorphous substitution with Al, which was slightly
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reduced with ageing time owing to the loss o f Al species content toward equilibrium 
point.
Table 4.1.9. Surface charges o f Al-modified bentonites with different ageing 
times
In anionic solution In cationic solution
C/g pHpzc . C/g pHpzc
Raw-B. + 2.153 6.827 - 3.998 7.364
Ca-B. -6.083 6.837 - 5.701 6.961
Na-B. -3.496 9.095 -34.128 8.626
Al-B. Ihr +15.085 6.157 + 2.057 6.339
Al-B. 2hrs + 13.323 6.091 + 1.724 6.448
Al-B. 4hrs + 11.964 5.915 +1.931 6.476
Al-B. 6hrs + 9.470 6.139 + 1.378 6.781
4.1.3. Characteristics of Al/Fe-Modifîed montmorillonites
4.I.3.I. Chemical Composition
The major elements o f Al/Fe-modified montmorillonites are given in Table 
4.1.10. As shown in the table, the amounts o f AhOa and FezOa increased for the 
samples modified by the Fe and Al polycationic species, while the amounts o f  MgO 
and CaO decreased. This implies that the mechanism o f modifying clays is the 
exchange o f the Ca^^ or Mg^^ ions with the Al or/and Fe polycationic species or 
proton in solution. Calcium and Magnesium are the major exchangeable basic cation 
in the clays used in this study.
Table 4.1.10. Chemical composition o f Al/Fe-modified montmorillonites by 
XRF
SiOz AI2O3 FezOs MgO CaO K2O TiOz NazO P2O5
R a w -K S F 55.6 26.8 7.32 5.14 3.16 1.33 0.427 0.128 0.079
A l-K S F 53.1 33.8 26.10 2.34 0.55 1.23 0.451 0.889 0.067
F e -K S F 54.0 26.1 14.60 2.46 0.55 1.24 0.445 0.448 0.063
A l/F e -K S F 56.6 26.0 12.00 2.69 0.57 1.36 0.484 0.304 0.042
R a w -K lO 54.4 26.9 7.36 5.42 4.12 1.17 0.436 0.146 0.062
A l-K lO 59.0 30.1 5.74 1.63 0.11 1.76 0.652 0.969 0.058
F e-K lO 64.4 19.1 11.90 1.45 0.07 2.00 0.763 0.234 0 . 0 4 3
A l/F e -K lO 60.8 22.7 11.70 1.50 0.09 1.90 0.671 0.504 0.049
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4.1.3.2. Structural Property
Fig. 4.1.10 shows XRD patterns for Al/Fe-modified montmorillonite-KSF and 
KIO. The 2 0  values o f the main peaks marked by (o) are around 17.8(d003), 19.8(d 
110, d020), and around 35(d006), which suggests the characteristics of 
montmorillonite, a 2:1 swelling clay. The other peaks correspond to quartz (■), illite 
(T ), plagioclase feldspar (à ), and kaolinite (□). It can be seen that there is a little 
amount of quartz (peaks at around 20.6 as 2 0  value) in the sample, especially in KIO 
based clays. It can also be seen that there is a structural difference between KSF and 
KIO.
Table 4.1.11 summarizes the d 001 reflection data for all the samples analysed. 
Basal spacing clearly increased from 12.53Â to about 16.54 Â, suggesting the 
presence o f the Al polyoxcation modified montmorillonites. However, there is no 
increase in basal spacing with ageing times, suggesting that just the isomorphous 
substitution o f Ca^^ with Al was undertaken in this period. Consequently, the ageing 
time did not contribute to the increase in the basal spacing.
Raw-KlO
AI-KIO
Fe-KlO
Al/Fe-KlO I
Raw-KSF
Al-KSF
Fe-KSF
Al/Fe-KSF ▼
10 20 255 15 30 4035
2 Theta
o Montmorillonite, T  Illite, ■ Quartz, ▲ Feldspar, □ Kaolinite
Fig. 4.1.8. XRD pattem of Al/Fe-modified montmorillonites
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Table 4.1.11. Basal spacing properties o f Al/Fe-modified montmorillonites
Type o f clays 2 0  Value Basal spacing (dOOl)/ Â
KSF 5.8 15.2
Al-modified KSF 5.4 15.9
Fe-modified KSF 5.8 15.3
Al/Fe-modified KSF 5.9 17JS
KIO 5.5 14.5
Al-modified KIO 5.4 14.1
Fe-modified KIO 5.8 15.3
Al/Fe-modified KIO 5.9 17.8
4.1.3.3. Surface Chemical Property
Figure 4.1.11 shows the FT-IR spectra o f Al/Fe-modified montmorillonite 
clays. For the KSF clays, the characteristic peaks o f OH (3400-3700 cm'^) and o f 
bonded water (1630-1660 cm‘ )^ showed an increase o f intensity by the modifying 
process. By modifying with Fe polycationic species, relatively sharp characteristic 
peaks o f bonded water are shown. On the other hand, by modifying with A1 
polycatonic species, the relatively sharp characteristic peaks o f AlOe octahedra in a 
condensed state are shown at approximately 680-500 cm"\ For all samples, the 
characteristic peaks o f silicate (approximately 800-1200 cm’ )^ showed not a big 
difference in intensity.
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Fe-KlO
AI-KIO
JRaw-KlO
Al/Fe-KSF
Fe-KSF
Al-KSF
Raw-KSF
4000 3000 2000 1000
Wavenumber(cm' )
Fig. 4.1.9. FT-IR spectra o f Al/Fe-modified montmorillonites
4.2 Optimising of the PAC Preparation by Ferron Spectrophotometry
4.2.1 Ferron Timed Spectroscopic Data Analysis
A. Correlation between UV Absorbance and Molar Concentration
The correlation equation between molar concentrations and the absorbance of 
the monomeric A1 o f the standard solutions was derived. By UV-Vis spectro­
photometer for measuring reaction kinetics, differences in absorbance for two hours 
were measured with three different monomeric A1 standard solutions o f known 
concentrations. The reaction between ferron and monomeric A1 (III) was identified 
as being terminated within two minutes. As a result, the following equation can be 
derived, Y=4969.96X+0.24 (R^=0.99987), enabling the absorbance to be converted 
to concentration, where Y is the absorbance and X is a molar concentration (M) o f A1
(nr).
B. Data Analysis of Absorbance for Ferron-Polymeric A1 complex
A predefined amount o f ferron reagents was added into FACs to form a ferron- 
A1 complex, and after two hours, the absorbance at wavelength o f 370 nm was
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measured, which corresponds to the concentration of (Ala+Alb). The absorbance 
value obtained was converted into a molar concentration using the above-mentioned 
correlation equation. The concentration o f Ale can be calculated by subtracting the 
concentration o f (Ala+Alb) from the total concentration [A 1]t . For instance, Figure
4.3.1 shows the absorbance curves o f FACs synthesized at various basic ratios for 
30°C vs. a given A1 standard solution with a known concentration.
In the data converted into the molar concentration (moFL) o f (Ala+Alb), the 
difference in concentrations from the certain point that does not include the initial 
concentration o f Ala up to the last two hours can be regarded as the concentration of 
unreacted Alb— that is, a variation in the concentration o f [Alb]un which is derived by 
subtracting the concentration of (Ala+Alb) from the concentration o f Alb at any time, t. 
The values o f certain initial linear portions (which, in this study, refer to the 
concentration or absorbance values for 3 to 8 minutes) were selected and applied to 
the following rate equation (see in 3.2.2.1):
In [Alb]un = In [Alblo - kobs*t 
As illustrated in Figure 4.2.2, by extrapolating this graph up to the time 
point t=0 (in consideration o f the amount o f time required to reach the point where 
the reaction o f Alb with ferron was initiated), the initial concentration o f Alb, [Alb]o 
from the intercepts as well as an observative reaction constant, kobs from a reaction of 
Alb with ferron, could be derived from the gradients.
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Fig. 4.2.1. Absorbance vs. time for Ferron-A1 reactions in different basic 
ratios, r (=[0H]/[A1^'"]) and [A1]t=1.1 1 X 10"^
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Fig. 4.2.2. Linearised pseudo first-order plot for selected data points from 
kinetics o f Ferron-Alb complex reaction
4.2.2 Effects of Hydrolysis Temperature and Ageing Time on the Apparent 
Molecular Weight Distribution (AMWD) of Polyalnminnmchloride 
(PAC)
To derive the optimal PAC synthesis conditions, the effect o f hydrolysis 
temperatures and ageing times on A1 species distributions was first analysed 
comprehensively. NaHCOs was used as a base to perform titrations against AICI3 , 
while reaction temperatures were varied in the conditions where the basic ratio is 2.0. 
In addition, the samples o f different ageing times were collected to examine the A1 
species distributions. Among A1 species. Alb is a polymeric ion species that has 
active time in water and exhibits the best coagulation capability. Ala is a monomeric 
species, Al^^ that has several-seconds active time. AL is a solid precipitate that is 
classified as a species with adsorptive functions rather than coagulative ones.
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Fig. 4.2.3. The effect o f reaction temperature and ageing time on the A1 
species distribution o f PAC synthesised with NaHCOs in 
1= 2.0
As shown in Figure 4.2.3, for the hydrolysis temperature o f 30 °C, the fraction 
o f Ala is maintained at an almost constant during the ageing time period, showing the 
most sparsely distributed state. On the one hand, the result o f Ala obtained from the 
reactions 50, 70, 90 °C is about 10% higher than that obtained from 30°C, showing no 
significant difference between them. On the other hand. Alb showed similar 
distributions among different reaction temperatures during the initial ageing time 
period. However, at 90 °C, for example. Alb shows increasingly lower distribution 
rates as the ageing time increases. It is believed, therefore, that an Alb species has 
been converted into Ale.
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,4. The comparison of maximum efficiencies derived from each 
trials for given temperatures and ageing times
To select an optimal reaction temperature and ageing time, the results obtained 
from the four different conditions showing the best characteristics at each reaction 
temperature are expressed in Figure 4.2.4 to allow for a comparative analysis o f Alb, 
Ale and Ala distributions. Among these conditions, the condition having a one-hour 
ageing time after neutralization titration at 30°C and the condition at 90 °C where Ale 
is not detected at ageing time 0 are deemed the best. In the case o f the latter 
condition, however, since Ale shows increasingly higher distribution rates as the 
ageing time increases, problem-causing precipitates may occur at rapid speeds during 
storage.
These findings led me to conclude that reaction temperatures and ageing times 
have a significant effect on the A1 species distribution of PACs considered. In 
particular, for synthesized PACs, it is desirable to maintain reaction temperatures at 
lower levels to allow higher Alb species distributions. In this regard, it is believed 
that ageing times should be set in consideration of synthetic conditions.
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4.2.3 Effect of Basic Ratio(r=OH/Al (III)) on the Apparent Molecular Weight 
Distribution of PAG
Under reaction conditions consisting of a 30°C synthetic reaction temperature 
and a O-to-4-hour ageing time, PACs were synthesized by varying the basic ratio 
(r=OH/Al^^ by 0.5 within a pH range o f 1.0 to 2.5. Following the analysis, the effect 
o f the basic ratio on the A1 species distribution was investigated.
As illustrated in Figure 4.2.5, with increases in the basic ratio, almost all o f the 
A1 species abruptly were reduced in a linear manner, while Alb species linearly 
increased up to the point where r=2.0, showing a rather flat or decreasing trend from 
the point where r=2.5. It is believed that how much the A1 species are reduced at the 
point where r=2.5 depends on the ageing time, to some extent. In particular, unlike 
Ala and Alb species. Ale, which exhibits precipitating characteristics, shows varying 
distributions according to ageing times as the basic ratio increases. It is estimated 
that ageing times have a significant effect on the formation o f Ale (precipitates).
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Fig. 4.2.5. The effect o f basic ratios (r=OH/M) on the A1 species 
distribution o f PACl synthesized with NaHCOs at 30^C
This research result shows that an optimal experimental condition can be 
provided if  the basic ratio is r=2.0 and the ageing time is maintained as short as 
possible. Generally, the reaction rate constant is just a function o f temperature, from
which the activation degree for a specific species can be anticipated. To examine 
these characteristics, kobs, an observed reaction constant obtained by increasing the 
basic ratio is shown in Figure 4.2.6.
As illustrated in Figure 4.2.6, the observed reaction constant increased in a 
linear manner as the basic ratio increased until r became 2.0. However, it abruptly 
decreased at the point where r=2.5, owing to the inactive precipitates.
The observed reaction constant, kobs at r=2.0 was 0.0544 - 0.0601, which is the 
largest compared to other reaction constants with different basic ratios. An increase 
in basic ratios leads to the effect like a temperatures elevation, accelerating the 
conversion o f Alb species to Ak ; this can be defined as the “temperature effect” o f 
the base. Based on this concept, it is estimated that PACs synthesized at i=2.0 
contain the largest number of reactive species.
However, higher-order observed reaction constants do not always correspond to 
higher Alb distribution conditions, as discovered in a comparative analysis between 
the observed reaction constant obtained from this study and A1 species distributions. 
Thus a higher-order observed reaction constant does not necessarily guarantee an 
optimal experimental condition.
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Fig. 4.2.6. The effect o f basic ratios on the observed complex reaction 
constant of Ferron-A1 in PAG synthesized with NaHCOs at 
30°C
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4.2.4 Effect of Base on the Apparent Molecular Weight Distribution of PAC
Although there has been little study in which NaHCOs was used as a base, in 
studies conducted in relation to PAC synthesis, NaOH has generally been used as a 
base. In addition, it is very difficult to find a study where a comparative analysis has 
been performed for such base properties. Therefore, in this study, NaOH and 
NaHCOs as bases at 30 °C, r=2.0 were used to synthesize PACs and examine the 
distribution characteristics o f A1 species. As shown in Figure 4.2.7, using NaHCOs 
as a base results in an approximately 10% higher Alb distribution and lower Ale and 
Ala distributions over the entire ageing time period as opposed to using NaOH as a 
base. Viewed from these distributional characteristics o f A1 species obtained under 
the experimental conditions o f this study, using NaHCOs as a base is believed to 
produce better results than using NaOH.
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4.3 Characteristics of Natural Organic Matter (NOM)
Humic substances used in this study were extracted from the lake sediment in 
the Daecheung Lake, Daejeon, Korea by the method described in subchapter 3.3. 
Table 4.3.1 shows the results o f the analysis o f extracts as mg TOC per g-sediment 
and as the percentage o f DOC and UV254-abs.
Humic acid and fulvic acid comprised 2.12 mg and 3.63 mg TOC per g- 
sediment, respectively. The fractions o f humic acid and frilvic acid were 35.7% and 
64.3% of the DOC concentration and 69.3% and 30.7% of the UV254-abs, 
respectively. This indicates that the portion o f humic acid in the total organic carbon 
concentration is lower than that o f fulvic acid, but humic acids have about twice the 
reactivity with 254nm UV light. This is derived from the fact that the portions o f 
unsaturated double bond linkages (UV254-abs site) in compounds are about twice that 
o f fulvic acids.
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Table 4.3.1 Properties of humic substance extracted from sediment
Item Humic acid Fulvic acid
mg TOC/g sediment 2.12 3.63
DOC (%) 35.7 64.3
UV254-abs (%) 69.3 30.7
The water quality parameters o f various rivers and lakes in Korea can be seen 
in Table 4.3.2. This table was made for the determination o f proper working 
concentration o f raw model water o f humic substance in laboratory. It can be seen 
that there are approximately 1.8-4.8 mg/L o f TOC and 0.03-0.1 cm'^ o f UV254-abs in 
natural waters. It was also reported that the portion o f humic acids ranges from 30- 
50% of the total TOC of humic substance. Therefore, the working concentration of 
TOC in the model water was chosen to be within the concentration range o f the 
natural raw water, or a slightly higher concentration, to the best degree of accuracy in 
analysis.
The raw model waters containing humic or fulvic acids used in the experiments 
were prepared by diluting the extracted humic and frilvic acids fractions with pure 
distilled water to get a similar concentration range to the natural water. Then, their 
water qualities were analysed as shown in Table 4.3.3. To identify the AMW 
distributions in humic and frilvic acids, a cut off range was selected in 3,000, 10,000 
and 30,000 daltons, cutting off by using the corresponding ultra fine filtration 
membrane and stirred cell according to the methods described in experimental 
methods section. After cutting off, the corresponding fractions were analysed as • 
DOC, UV254-abs, and THMFP and also rearranged as SUVA and STHMFP.
Table 4.3.2 Characteristics of surface water in Korea (Kim, 1998; Kim, 
1999; Hong, 1999)
Site TOC
(mg/L)
UV254-abs
(cm'^)
pH Turbidity
(NTU)
Daecheung lake (Cheungju) 1.83-3.18 0.029-0.098 - 1.07-5.09
Dsan lake 3.6 0.034 7.3 3.1-3.3
Kum river (Puyo) 2.46-4.79 0.055-0.098 - 3.06-18.40
Nakdong river (Mulgem) 2.4-4.S 0.056-0.089 6.5-9.5 1.5-35.0
Han river (Jamsil) 1.87 0.030 7.5 5.5-5.6
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Table 4.3.3. Water quality characteristics of humic substance extracts
diluted with pure distilled water.
Item '— -— ___ Humic acid Fulvic acid
DOC (mg/L) 4.610 3.629
UV254-abs (cm'^) 0A56 0.094
THMFP(/xg/L) 444.4 236.2
Turbidity (NTU) 209 0.25
SUVA(cm'V(mg/L)) 0.099 0.026
STHMFP ((/xg/L)/(mg/L)) 96.4 65.1
* STHMFP: Specific Trihalomethane Formation Potential (THMFP/DOC)
4.61 mg/L DOC of humic acid model water and an ultrafiltration unit were 
used to analyse the apparent cut off molecular weight fractions by the measurement 
of DOC, UV254-abs and THMFP. The results are depicted in Fig. 4.3.1. The AMW 
distribution based on DOC consisted o f 64% of >3OK daltons fraction, 12% of 30- 
lOK Daltons fraction, 3% of 10-3K daltons fraction, and 21% of <3K daltons 
fraction. For UV254-abs, there were 85% of >3OK daltons fraction, 12% of 30-10K 
daltons fraction, 1% of 10-3K daltons fraction, and 2% of <3K daltons fraction. 
Finally, for the THMFP, there were 78% of >30K daltons fraction, 11% of 30-10K 
daltons fraction, 2% of 10-3K daltons fraction, and 9% of <3K daltons fraction.
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Fig. 4.3.1. AMW distributions of humic acid model water (as DOC, 
UV254-abs. and THMFP)
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According to the same procedure, the AMW distributions of fulvic acid model 
water (DOC = 3.63mg/L) were obtained based on DOC, UV254-abs and THMFP, and 
the results can be seen in Fig. 4.3.2. The AMW distributions of fulvic acid model 
water consisted o f 23% of >3OK daltons fraction, 43% of 30-1 OK Daltons fraction, 
3% of 10-3K daltons fraction, and of 31% <3K daltons fraction. For UV254-abs., 
there were 35% of >3OK daltons fraction, 46% of 30-1 OK daltons fraction, 5% of 10- 
3K daltons fraction, and 14% of <3K daltons fraction. For THMFP, there were 27% 
of >3 OK daltons fraction, 49% of 3 0-1 OK daltons fraction, 2% of 10-3K daltons 
fraction, and 22% of <3K dalton fraction.
The various apparent molecular weight fractions of humic substance based on 
the SUVA value, which is defined as a ratio of UV254-abs to DOC concentration, are 
depicted in Fig. 4.3.3. It can be seen that the SUVA values o f humic acid were 
0.1285 cm'Vmg'U^ for >3OK daltons fraction, 0.0972 cm‘Vmg-L'^ for 30-1 OK 
daltons fraction, 0.0329 cm'Vmg'L'^ for 10-3K daltons fraction, and 0.0083 cm" 
Vmg'L"' for <3K daltons fraction. For the fulvic acid model water, the SUVA were 
0.046 cm'Vmg-L'^ for >3OK daltons fraction, 0.0274 cm'Vmg'L"^ for 30-1 OK daltons 
fraction, 0.0481 cm'Vmg'L"^ for 10-3K daltons fraction, and 0.0114 cm'Vmg'L'^ for 
<3K daltons fraction. The total SUVA value of humic acid was 0.2669 cm"Vmg'L'\ 
and it was two times greater than that of fulvic acid.
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Fig. 4.3.2. AMW distributions of fulvic acid model water (as DOC, 
UV254-abs. and THMFP)
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Fig. 4.3.3. SUVA values of humic substance on AMW distributions
It is well known that humic acids have more functional groups i.e., carbonic 
double bonds, carboxyl and phenolic OH groups in their structure, than fulvic acids, 
resulting in higher UV254-abs per unit DOC. Thus, humic acids have a greater 
reactivity with any reactants and are able to have a greater trihalomethane formation 
potential (THMFP) than fulvic acids. In addition, high molecular weight humic acids 
are more unsaturated, and have a higher THMFP than low molecular weight humic 
acids. It is also shown that fulvic acid exists in a relatively lower molecular weight 
than humic acid. The portions o f its unsaturated linkages in their structure are 
generally proportional to their molecular weights, and have a lower THMFP than 
humic acid.
The THMFP data were rearranged to generate the STHMFP value, which is 
defined as a ratio of THMFP value to the DOC concentration, and the results are 
depicted in Fig. 4.3.4. Humic acids have high molecular weight fractions, greater 
than those o f fulvic acid, and their SUVA and STHMFP values are also higher than 
those of fulvic acids. It means that when humic acids are present in the chlorination 
process in a water treatment plant, they may be able to form more THMs than fulvic 
acids.
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4.4 Comparative Coagulation Performance in the Removal of Humic Acid
This experiment aims to assess the comparative performance of removing 
humic acids with the existing metal salts and clay coagulants. The pH levels o f the 
model water used were adjusted from 6.5 to 7.5 to simulate the natural water using 
concentrated HCl and NaOH. Removal efficiency was evaluated by calculating the 
percentage removal of humic acids vs. coagulant doses. Iron and aluminium salts, 
polymeric A1 (III) and Fe (III) modified montmorillonite KSF and KIO were used as 
coagulating agents.
The variation of quality characteristics o f raw model NOM water was found 
during the experimental time (see Tables 3.5-3.7). One of the reasons could be 
attributed to the different sediments used, which were extracted from Daecheung 
Lake at different time; this might lead to variations o f the structure of NOM and then 
result in the variation of the raw water quality. Secondly, when in conducting the jar 
test, pre-pH adjustment (in order to hold the desired coagulation pH) will also affect 
the water quality. Turbidity values were thus varied greatly as shown in Tables 3.5 -  
3.7. This is also the case when conducting the study of fulvic acid removal (Section 
4.5). Nevertheless, this does not affect the comparison of coagulation performance, 
which was presented as a percentage removal and calculated based on the original 
raw water quality of each sample.
4.4.1 Humic Acid Removal by AS, FS, FAC and PFS Coagulants
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Figure 4.4.1 shows the variations in solution pH levels as a function of 
coagulant dosages after sedimentation. When AS or FS were used for the coagulation 
o f model water with pH 6.5, there was a great reduction in pH with increasing 
dosages of AS or FS, while, for model water with pH 7.5, there was a slight pH 
reduction with increasing doses. For the virtual use o f PAC, there was a tiny pH 
reduction with dosages.
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Fig. 4.4.1 pH variation in humic acid model water after sedimentation in 
the coagulation with metal salts of iron and aluminium
Figure 4.4.2 shows the alkalinity consumed vs. coagulant dosages. Both AS 
and FS consumed the highest alkalinity, whereas PAC consumed a relatively lower 
alkalinity. This is consistent with the variations of pH as shown in Figure 4.4.1 where 
both AS and FS led to the great reduction o f pH but PAC did not.
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Fig. 4.4.2 Alkalinity consumption in humic acid model water by 
coagulation with metal salts of iron and aluminium (Only 
positive % removal values are presented)
Figure 4.4.3 shows the percentage turbidity removal as a function o f coagulant 
dosages. When a 0.04mmol/L coagulant was dosed during the initial phase at pH 6.5, 
AS showed the highest percentage turbidity removal (83.75%) over the entire range. 
With an increasing coagulant dosage, its percentage turbidity removal gradually 
decreased to 65.2% at 0.37mmol/L. On the other hand at pH 7.5, AS showed a peak 
percentage turbidity removal o f 98.4% at a dosage o f 0.07 mmol//L, and, thereafter, 
its percentage turbidity removal gradually decreased. PAC achieved a relatively 
higher percentage turbidity removal o f 94.7% at pH 6.5 and 7.5, respectively, in a 
dosage o f above 0.19 mmol/L and 0.26 mmol/L. In addition, FS showed a percentage 
turbidity removal o f approximately 80% at pH 6.5 and 7.5, respectively, in a dosage 
above 0.07 mmol/L and 0.18 mmol/L.
98
100 -
D '80 -g
I
S 60 - 
1 ' AS (pH 63)■ O AS (pH 73) 
PAC (pH 63) 
- V  ■ PAC(pH73) 
-m- FS(pH6.5)
• -D FS(pH7.5)
20 -
0.0 0.1 0.2 0.3 0.4
Dose (mmol as M  /L)
Fig. 4.4.3. Turbidity removal from humic acid model water by 
coagulation with metal salts o f iron and aluminium (Mean 
Co = 4.94 NTU at pH 6.5, Co = 6.44 NTU at pH 7.5) (Only 
positive % removal values are presented)
Figure 4.4.4 shows the percentage removal of U V 2 5 4  absorbing materials as a 
function o f coagulant dosages. At pH 6.5 and 7.5, AS achieved a percentage removal 
o f 95.4% and 92.0% in a dosage o f above O.llmmol/L, respectively. At pH 6.5 and 
7.5, PAC showed a percentage removal o f 94.2% and 90.9%, respectively, in a 
dosage of above 0.19mmol/L. For FS at pH 6.5, the percentage removal was more 
than 99.2% at a dosage o f more than O.18mmol/L. However, at pH 7.5, it showed a 
peak percentage removal o f 82.7% at a dosage of 0.25mmol/L, achieving a relatively 
low coagulation efficiency.
Figure 4.4.5 shows the percentage removal o f VIS420 absorbing materials as a 
function of coagulant doses. The VIS420 absorbance is used as an indicator o f colour. 
As shown in the figure, at pH 6.5 and at a coagulant dosage o f O.llmmol/L, both AS 
and PAC showed a percentage removal o f 96.8% and 92.5%, respectively. In 
addition, FS achieved 100% percentage removal at a coagulant dosage of 
O.18mmol/L at pH 6.5. However, its percentage removal dropped slightly at an 
increase o f coagulant dose. Overall, it was observed that the percentage removals o f
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VIS420 absorbing materials are higher significantly at pH 6.5 rather than at pH 7.5 
because pH has a great effect on the coagulation mechanism.
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Fig. 4.4.4. UV 254-abs. removal firom humic acid model water by 
coagulation with metal salts o f iron and aluminium (Mean 
Co= 0.229 cm'^ at pH 6.5, Co= 0.269 cm*^  at pH 7.5) (Only 
positive % removal values are presented)
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,4.5. VIS 420-abs. removal from humic acid model water by 
coagulation with metal salts o f iron and aluminium (Mean 
Co = 0.056 cm'^ at pH 6.5, Cq = 0.062 cm'^ at pH 7.5) (Only 
positive % removal values are presented)
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4.4.2 Humic Acid Removal by Al/Fe-Modified Clay Coagulants
4.4.2.I. Humic Acid Removal by Al/Fe-Modified KSF Clays
Figure 4.4.6 shows pH variations as a function o f coagulant dosages. Raw KSF 
resulted in the biggest drop in pH level because o f the acid-treatment, which causes 
hydrogen ions to be contained in clay minerals. On the contrary, the use o f P-KSF 
led to the smallest drop in pH level. Overall, the size o f reduction in pH values was 
between 0.5 and 0.8 units. In addition, polymeric A1-, Fe-, and Al/Fe-modified clays 
showed a small drop in pH level because some hydrogen ions (proton, H^) contained 
in clay minerals have already been replaced by inorganic polymeric A1 or Fe ions in 
the process o f modification. It is estimated that the degree o f substitution will be 
affected by ion radius, pH, and competing ion concentrations.
6 -
Xa.
4 -
2 -
Raw-KSF(pH6.5)
Raw-KSF(pH7.5)
Al-KSF(pH6.5)
Al-KSF(pH7.5)
Fe-KSF(pH6.5)
Fe-KSF(pH7.5)
P-KSF(pH6.5)
P-KSF(pH7.5)
Al/FS-KSF(pH6.5)
Al/FS-KSF(pH7.5)
200 400 600 800 
D ose (m g/L)
1000 1200 1400
Fig. 4.4.6 pH variations in humic acid model water after sedimentation in 
the coagulation with montmorillonite KSF based clays
Figure 4.4.7 shows the percentage removal o f turbidity as a function o f clay 
coagulant dosages. The percentage removal of turbidity by raw KSF was 99.2% at 
pH 6.5 in the initial dose range of 200 mg/L. However, with increasing dosage, it 
decreased gradually. Although the raw KSF showed a good turbidity removal 
efficiency at low doses (200 mg.L), its use is limited as the reason detailed before
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(releasing metals ions into the treated water). Other clay coagulants also showed a 
higher percentage removal o f turbidity (approximately 93%) for various dosages; . 
Al/Fe-KSF achieved 99.2% for a dosage o f 400 mg/L and Fe-KSF achieved a 94.6% 
turbidity removal at pH 6.5 and for a dosage o f 600 mg/L. It seems that this dose 
range is high but bearing in mind that in this study, the clay was used as a coagulant 
alone without a coagulant aid and therefore, the dose o f clay could not be compared 
with an activated silicate which must be used with metal coagulants and acts as a aid.
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Fig. 4.4.7. Turbidity removal from humic acid model water by 
coagulation with montmorillonite KSF based clays (Mean Co 
= 5.49 NTU at pH 6.5, Co= 5.35 NTU at pH 7.5). (Only 
positive % removal values are presented)
Figure 4.4.8 shows the percentage removal o f UV254 as a frmction o f clay 
coagulant dosages. The Raw KSF achieved a 91.3% UV254 removal for the model 
water o f pH 6.5 at a dosage o f 200 mg/L and 94.4% for the model water o f pH 7.5, 
for the entire dosage range. The Al-KSF did not perform well; it achieved a 40% 
removal for the model water of pH 6.5 at a dosage of 1400 mg/L, and 31% for water 
pH 7.5 over the entire dose range. For the Al/Fe-KSF, a percentage removal o f 
94.8% and 96% was achieved for a dosage o f 400 mg/L and model water o f pH 6.5 
and 800 mg/L and model water o f pH 7.5, respectively. The Fe-KSF achieved a 
percentage removal o f above 95.0% for a dosage o f 400 mg/L and the model water
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of pH 6.5, and 98.4% for a dosage of 1400 mg/L and water pH 7.5, respectively. In 
Addition, the P-KSF showed a percentage removal o f 96.9% and 95.3% at pH 6.5 and 
pH 7.5, respectively for a dosage of 400 mg/L. However, it showed a gradual drop in 
percentage removal as a function of coagulant dosages.
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Fig. 4.4.8. UV254-abs removal from humic acid model water by 
coagulation with montmorillonite KSF based clays (Mean Co 
= 0.255 cm'^ at pH 6.5, Cq= 0.254 cm"  ^ at pH 7.5) (Only 
positive % removal values are presented)
Figure 4.4.9 shows the percentage removal o f VIS420 as a function o f coagulant 
dosages, which is very similar to the result o f removal of UV254 . At both pH 6.5 and 
pH 7.5, the raw KSF achieved 96.8% at a dosage o f 200 mg/L. The P-KSF achieved 
a percentage removal o f 96.2% at both pH 6.5 and pH 7.5 at a dosage o f 400 to 1000 
mg/L. However, it only achieved approximately 75% at a dosage o f 1400 mg/L. The 
Al/Fe-KSF achieved a percentage removal o f 96.5% at pH 6.5 and a dosage o f 400 to 
1400 mg/L; however, at pH 7.5 it first achieved a percentage removal of 95.2% at a 
dosage o f above 800 mg/L. The Fe-KSF achieved a percentage removal o f 96.9% at 
pH 6.5 and a dosage of 400 mg/L; however, at pH 7.5 it first recorded 78% at a 
dosage o f 1000 mg/L. On the other hand, the Al-KSF revealed low percentage 
removal efficiencies at pH 6.5 and 7.5 except for pH 6.5 and a dosage o f 1400 mg/L.
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Fig. 4.4.9. VIS42o-abs removal from humic acid model water by 
coagulation with montmorillonite KSF based clays (Mean Co 
= 0.060 cm*^  at pH 6.5, Co= 0.063 cm'^ at pH 7.5) (Only 
positive % removal values are presented)
4.4 2.2. Humic Acid Removal by AI/Fe-Modifîed KIO Clays
Figure 4.4.10 shows the pH variations as a function o f KlO-based clay dosages. 
KIO clays show quite small drops in pH 7.5, while Fe- and Al/Fe-modified KIO 
clays show relatively big drops in pH 6.5, especially. Fe-KlO shows the biggest drop 
in pH 6.5.
Figure 4.4.11 shows the turbidity removal efficiencies as a function o f KlO- 
based clay dosages. In general, KlO-based clay coagulants showed no coagulation 
phenomena with the exception o f Fe- and Al/Fe-KlO, thereby resulting in no 
turbidity removal. The percentage removal o f turbidity by Fe-KlO and Al/Fe-KlO, 
which recorded relatively big drops in pH, was revealed from 51.3% and 85.3%, 
respectively, at pH 6.5 and at a dosage of 1000 mg/L.
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Fig. 4.4.10. pH variation in humic acid model water after sedimentation in 
the coagulation with montmorillonite K10 based clays.
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Fig. 4.4.11. Turbidity removal from humic acid model water by 
coagulation with montmorillonite KIO based clays (Mean Co 
= 2.91 NTU at pH 6.5, Co= 2.99 NTU at pH 7.5) (Only 
positive % removal values are presented)
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Figure 4.4.12 shows the percentage removal o f UV254 as a function o f clay 
dosages. The Fe-KlO and Al/Fe-KlO performed superior to all other clays in terms of 
the UV254 removal. At pH 6.5, the Fe-KlO achieved 86.0% and 97.7% at a dosage of 
400 mg/L and 600 mg/L, respectively. However at pH 7.5, in order to achieve similar 
UV removal performance, the dose o f Fe-KlO was required high, 1400 mg/L. The 
similar performance was observed as well for the Al/Fe-KlO. This is because in 
removing NOM by coagulation, low pH is favourable to change the struvcture of 
humic substances which are then easily removed, and this has been confirmed by 
many other studies (e.g., Jiang et al, 1996).
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Fig. 4.4.12. UV254-abs. removal from humic acid model water by 
coagulation with montmorillonite KIO based clays (Mean Co 
= 0.239 cm '\ at pH 6.5, Co = 0.245 cm'^ at pH 7.5) (Only 
positive % removal values are presented)
Figure 4.4.13 shows the percentage removals of VIS420 as a function o f clay 
dosages. With the exception o f Fe- and Al/Fe-KlO at pH 6.5, KlO-based clays show 
considerably low removal efficiencies both at pH 6.5 and 7.5. The Fe-KlO and 
Al/Fe-KlO achieved the percentage removal o f 88.2% and 98.2%, respectively, at pH
6.5 in the dosage of 400 mg/L and 600 mg/L. At pH 7.5, Fe-KlO and Al/Fe-KlO 
achieved maximum 92.5% and 98.4%, respectively, at a final dosage o f 1400 mg/L. 
In addition, at pH 6.5 Al-KlO recorded low percentage removals o f 20-30% in the
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low dosage range; however, it finally achieved a maximum 96.2% at a dosage o f 
1400 mg/L. At pH7.5, Al-KlO achieved a very low percentage removal over the 
entire dosage range. The raw-KlO did not show any effects on the VIS420 variation 
at pH6.5 and 7.5.
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Fig. 4.4.13. VIS42o-abs. removal firom humic acid model water by 
coagulation with montmorillonite KIO based clays (Mean Co 
= 0.057 cm'^ at pH 6.5, Cq = 0.058 cm'^ at pH 7.5) (Only 
positive % removal values are presented)
4.4.3. Comparative Performance of Al/Fe Based Salts and Various Clay 
Coagulants in the Treatment of Humic Acid.
The Al/Fe based salts and various clay coagulants were evaluated for their 
performance in treating humic acids in water. In comparison with Al/Fe- and clay- 
based coagulants in the treatment of humic acid, the amount o f metal polymeric 
species fixed on to clays after modification should be taken into account, and this has 
been studied before (Jiang et al., 2004). The work has disclosed that after 
modification, there is an average of 0.3 mmol metal species fixed onto the one gram 
of clay. This value was used in this study for comparison of doses in the treatment. 
The performance at pH 7.5 was compared with that at pH 6.5, at which coagulants 
used in this study achieved better efficiencies than those at pH 7.5.
107
Figure 4.4.14 shows the comparison of turbidity removal efficiencies vs. 
dosages of Al/Fe based salts and montmorillonite based clays, which are selected 
from all trials in this study. The Al/Fe-KSF showed the best efficiency o f 95% on the 
average over the entire dose range, followed by the efficiencies o f PAC and Fe-KSF 
that achieved approximately 95% removal at the dosage of over 0.24 mmoFL. The 
raw-KSF achieved relatively good efficiencies o f 90% on the average in an initial 
dosage range o f below 0.12 mmoFL. However, the efficiencies dramatically 
decreased as the dosages increased. While AS and FS achieved 85% in an initial 
dosage range o f below 0.12 mmoFL, the efficiencies also decreased as the dosages 
increased. The removal o f turbidity by Fe-KlO and AFFe-KlO, which revealed 
coagulation performance among the KIO based clays, were not enough in comparing 
the treatment performance with those o f KSF based clays and AFFe base salts. The 
order of higher turbidity removal is as follows: AFFe-KSF>PAC=Fe-KSF>Raw- 
KSF>AS>FS> AFFe-K10<Fe-K10.
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Fig. 4.4.14. Turbidity removal from humic acid model water by 
coagulation with selected Al/Fe based salts and 
montmorillonite based clays at pH6.5 (Co=2.18-6.00 NTU) 
(Only positive % removal values are presented)
Figure 4.4.15 shows the comparison o f UV254-abs removal efficiencies as a 
function o f dosages o f selected AFFe based salts and montmorillonite based clays.
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The raw-KSF showed a very high efficiency o f approximately 98% in an initial 
dosage of 200 mg/L and gradually decreased with increasing dosages (see Fig. 
4.4.8).. The AS and Al/Fe-KSF and Fe-KSF showed a very high performance o f 98% 
over the entire dose range. Next, the efficiencies o f PAC and Fe-KlO followed. 
While FS achieved the peak removal efficiency o f approximately 100% in a narrow 
dosage range o f 0.19 to 0.26 mmol/L, the Al/Fe-KlO also showed a very good 
removal efficiency of approximately over 95% in a dosage range o f over 0.18 
mmol/L.
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Fig. 4.4.15. UV254-abs removal fi*om humic acid model water by 
coagulation with selected Al/Fe based salts and 
montmorillonite based clays at pH 6.5 (Co=0.215-0.260 cm' 
(Only positive % removal values are presented)
Figure 4.4.16 shows the comparison o f VIS42o-abs removal efficiencies as a 
function of dosages of selected Al/Fe based salts and montmorillonite based clays. 
The Raw-KSF also showed a very good efficiency of over 97% over the entire 
dosage range. The AS and Al/Fe-KSF and Fe-KSF showed a very high performance 
o f over 98% over the entire range without an initial dosage range o f below 0.12 
mmol/L. Next, the efficiencies o f PAC and Fe-KlO followed as a removal o f over 
96%. The FS also achieved a high removal efficiency o f over 98% in a narrow
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dosage range of 0.19 to 0.26 mmol/L. The Al/Fe-KlO also showed a good removal 
efficiency of approximately over 98% in a dosage range of over 0.24 mmol/L.
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Fig. 4.4.16 VIS42o-abs. removal from humic acid model water by 
coagulation with selected Al/Fe based salts and 
montmorillonite based clays at pH 6.5 (Co=0.051-0.062cm*^)
(Only positive % removal values are presented)
The comparative coagulation performance for the humic acid removal may be 
summarised as follows: The AS, PAC and Raw-KSF show a relatively good 
performance at low dosages with a charge neutralisation mechanism rather than with 
sweep coagulation, while Al/Fe-modified clays also show a good performance with 
simultaneous charge neutralisation and sweep coagulation mechanisms.
To identify the leaching characteristics o f the Al^^ ion from raw clays used in 
this study, leaching experiments with 5g-clay/L suspended solutions at pH 5 were 
performed independently in the jar tester under the same procedure as the ja r test, 
and the results have been shown previously (Figure 4.1.10). After the two-hour 
leaching experiment, a higher level of Al^ "^  concentration (53 mg/L) was leached out 
o f Raw-KSF. However, little Al^ "^  was leached out o f the other raw-clays. It is 
supposed that this is attributed to a drop in pH as a result o f the acid-pre-treated KSF 
dosage. The Raw-KSF showed a very strong acidity (see Table 4.1.1 in section 4.1).
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Therefore, can be dissolved from Raw-KSF clay, i f  the dose is high enough. 
This results in a limitation in using Raw-KSF to drinking water treatment in practice 
although it achieves good performance in some cases.
4.5 Comparative Coagulation Performance in the Removal of Fulvic Acid
This set o f experiments aims to evaluate the removal o f fulvic acids by 
coagulation with metal salts and clay coagulants. The pH levels o f the model water 
used were adjusted from 6.5 to 7.5 to simulate natural water using concentrated HCl 
and NaOH. Removal efficiency was evaluated by calculating the percentage removal 
o f fulvic acids as a function o f coagulant dosages. Iron and aluminium salts and 
modified clays such as polymeric A1 and Fe modified montmorillonite KSF and KIO 
were used as coagulating reagents (Experimental procedures can be seen in Chapter 
3).
4.5.1 Fulvic Acid Removal by AS, FS, PAC and PFS Coagulants
Figure 4.5.1 shows the variations in solution pH level as a function of 
coagulant dosages after sedimentation. For given dosage ranges, the AS showed a 
larger drop in pH than that o f FS, while PAG was observed to have a small reduction 
in pH for model waters with pH 6.5 and 7.5.
I l l
8gv -V - •••V7
6
X
o.
5 —# — AS (pH6.5) 
■O AS(pH7.5) 
—▼— PAC (pH6.5) 
—7 PAC(pH7.5) 
-m- FS (pH6.5) 
FS(pH7.5)
4
3
0.1 0.2 0.3 0.40.0
D ose (m m ol as M  /L)
Fig. 4.5.1. pH variations in fulvic acid model water after sedimentation 
in the coagulation with metal salts o f iron and aluminium
Figure 4.5.2 shows the percentage removal o f turbidity vs coagulant dosages. 
The turbidity removal by AS was approximately 94% at pH 6.5 in the dosage range 
between 0.04 and 0.11 mmol/L, and it is the highest removal achieved. However, AS 
showed a rapid drop in percentage removal with dosages over 0.1 Immol/L. While at 
pH 7.5, the percentage removal of turbidity with AS reached a peak (98.4%) at a 
dosage o f O.l lmmol/L, and then decreased gradually with the increasing dose. The 
100% turbidity removal was achieved by PAC at pH 6.5 and at a dosage range 
between 0.07 and O.llmmol/L; then it dropped rapidly with the increase in dosage. 
In the case o f PAG at pH 7.5, no coagulation was observed until PAC dose was 
0.19mmol/L. At this pH, 100% removal was achieved by PAC at a dosage o f 
0.37mmol/L. For FS, coagulation phenomena were first observed at pH 6.5 and 7.5 
at the dosage of O.llmmol/L and 0.25mmol/L, where 88% and 74% of turbidity was 
removed, respectively.
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Fig. 4.5.2. Turbidity removal from fulvic acid model water by coagulation 
with metal salts o f iron and aluminium (Mean Co=5.84NTU 
at pH 6.5, Co=6.32NTU at pH 7.5) (Only positive % removal 
values are presented)
Figure 4.5.3 shows the percentage removal o f UV254 absorbing material as a 
function o f coagulant dosages. In general, the percentage removal o f UV254 
absorbing material was higher at pH 6.5 than that at pH 7.5. The 71% removal o f 
UV254 was achieved by AS at pH 6.5 and at a dosage above 0.04 mmol/L, and also 
65% of UV254 removal was achieved at pH 7.5 at a dosage above 0.07 mmol/L. In 
the case o f PAC, 57.5% UV254-abs was removed at pH 6.5 and at a dosage o f 
O.llmmol/L. However, the removal percentage decreased in the dosage range over 
O.llmmol/L. At pH 7.5 and at a dosage of 0.19mmol/L, 50.8% o f UV-abs was 
removed. When using FS at pH 6.5, coagulations occurred at a dosage o f over 
O.llmmol/L, from where more than 79.4% of UV254 absorbing material was 
removed. At pH 7.5, coagulation occurred at a dosage o f over 0.18mmol/L, from 
where more than 67.9% of UV-abs was removed.
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Fig. 4.5.3. UV254-abs removal from fulvic acid model water by 
coagulation with metal salts o f iron and aluminium (Mean 
Co= O.Oblcm'^ at pH 6.5, Co= 0.064cm'^ at pH 7.5) (Only 
positive % removal values are presented)
Figure 4.5.4 shows the percentage removal o f VIS420 absorbing material vs. 
coagulant dosages at pH 6.5 and 7.5. Overall, the percentage removal was 
considerably lower at pH 7.5 than that o f at pH 6.5. For pH 6.5, both AS and PAC 
showed similarities in their percentage removal pattern. However, AS removed 40% 
more vis-abs than that o f PAC. In the case o f using AS, a percentage removal was 
achieved by 100% in a dosage ranging between 0.07 and 0.11 mol/L, and thereafter, 
just showing a 75% removal efficiency beyond that dosage range. When using FS at 
pH 6.5,100% removal was achieved in a dosage range above O.llmmol/L. At pH 7.5, 
AS achieved 100% removal when the dosage was 0.26mmol/L; however, it recorded 
thereafter a significantly irregular increase and decrease in percentage removal. 
When using PAC and FS, the coagulation phenomena were first observed at a dosage 
o f 0.19mmol/L, where the percentage removals were 55.6% and 85.7%, respectively. 
FS also achieved a 100% percentage removal in a dosage range above 0.25mmol/L.
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Fig. 4.5.4. VIS420-abs removal from fulvic acid model water by 
coagulation with metal salts o f iron and aluminium (Mean 
Co= 0.006 cm"  ^ at pH 6.5, Co= 0.008 cm'^ at pH 7.5) (Only 
positive % removal values are presented)
4.5.2 Fulvic Acid Removal by AI/Fe-Modified Clay Coagulants
4.5.2.1 Fulvic Acid Removal by KSF based Clays
As shown in Figure 4.5.5, for the whole dose ranges studied, the raw-KSF 
resulted in the greatest drop in pH value (2.4-3.0 units), while Al-KSF caused the 
smallest drop in pH (approximately 1.0 unit). Overall, the range o f drop in pH level 
was between 1.5 and 2.5 units for pH 6.5 o f model water, and between 0.8 and 3.0 
units for pH 7.5 o f model water. The drop interval in pH of water was observed in 
the order o f raw-KSF>Fe-KSF>Al/Fe-KSF>Al-KSF.
Figure 4.5.6 shows the percentage removal o f turbidity as a function o f clay 
coagulant dosages. The percentage removal by raw-KSF was 99.2% at pH 6.5 and at 
a dosage of 200 mg/L, but it decreased gradually with the increasing coagulant 
dosage. The best turbidity removal (>97%) with raw-KSF was achieved at pH 7.5 
and over the entire dosage range. Al-KSF showed no turbidity removal over the 
entire dosage range. For the water with pH 6.5, Fe-KSF achieved 94.6% removal at a 
dosage of 600 mg/L; Al/Fe-KSF achieved 73.4% and 96.1% at dosages o f 400 mg/L 
and 600 mg/L, respectively. For the water with pH 7.5, Fe-KSF achieved 95.3% 
removal at a dosage o f 1400 mg/L; Al/Fe-KSF achieved 67% and 94.7% removal at
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dosages o f 800 mg/L and 1000 mg/L, respectively. The order of the percentage 
removal o f turbidity was observed as raw-KSF>Fe-KSF =A1/Fe-KSF>A1-KSF.
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Fig. 4.5.5. pH variations in fulvic acid model water after sedimentation 
in the coagulation with montmorillonite KSF based clays.
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Fig. 4.5.6. Turbidity removal from fulvic acid model water by 
montmorillonite KSF based clays (Mean Co=4.24NTU at pH 
6.5, Co=3.85NTU at pH 7.5) (Only positive % removal 
values are presented)
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Figure 4.5.7 shows the percentage removal o f UV254-abs v.s. the dosages of 
clay coagulants. For the model water with pH 6.5 and pH 7.5, the average and peak 
percentage removal of UV254-abs by raw-KSF was 73% and 87%, respectively, in a 
dosage range over 200 mg/L. The Al-KSF showed a gradual increase in the 
percentage removal with the increasing dosage: from 24% to 83.6% for the water of 
pH 6.5. However, for the water with pH of 7.5, the overall removal o f UV254-abs was 
10-15% lower for the pH 7.5 water than that for the pH 6.5 water.
By Fe-KSF, 60% removal o f UV254-abs was achieved for the pH 6.5 water 
when the dosage was at over 600 mg/L, and 75% removal o f UV254-abs was achieved 
for the pH 7.5 o f water at a dosage o f 1000 mg/L. The UV254-abs percentage removal 
with Al/Fe-KSF was between 75.4% and 81.2% in a dosage o f over 400 mg/L and 
for the pH 6.5 o f water, and was between 61.3% and 85.3% when the dosage range 
was greater than 600 mg/L for the pH 7.5 o f water. The order o f the removal o f 
UV254 by KSF based clays was as raw-KSF>Al/Fe-KSF>A1-KSF>Fe-KSF.
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Fig. 4.5.7. UV254-abs removal from fulvic acid model water by 
coagulation with montmorillonite KSF based clays (Mean 
Co=0.071cm'^ at pH 6.5, Co=0.070cm'^ at pH 7.5) (Only 
positive % removal values are presented)
117
Figure 4.5.8 shows the percentage removal o f VIS42o-absorbance as a function 
o f clay coagulant dosages. The percentage removal by raw-KSF was between 80 and 
100%, respectively, at pH 6.5 and pH 7.5 for a dosage range between 200 and 1400 
mg/L. The percentage removal by Al-KSF at pH 6.5 was 40% at a dosage o f 400 
mg/L and 100% at a dosage of 1400 mg/L, respectively. However, the Al-KSF 
showed no coagulation removal effect at pH 7.5. The percentage removal by Fe-KSF 
was 85.7% at pH 6.5 in a dosage range greater than 400 mg/L, and 66.7% at pH 7.5 
in a dosage range greater than 1000 mg/L. The VIS42o-abs removal by Al/Fe-KSF 
ranged from 66.7% at pH 6.5 and at a dosage o f 400 mg/L to 100% at pH 7.5 and at a 
dosage o f greater than 600 mg/L.
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Fig. 4.5.8. VIS42o-abs removal from fulvic acid model water by 
coagulation with montmorillonite KSF based clays (Mean 
Co=0.007cm*^ at pH 6.5, Co=0.007cm'^ at pH 7.5) (Only 
positive % removal values are presented)
4.S.2.2. Fulvic Acid Removal by KIO based Clays
Figure 4.5.9 shows variations in pH values vs dosages of KlO-based clays. 
Dosing o f Raw-KlO led to a relatively small pH decrease, while the dosing o f Fe- 
KIO resulted in the biggest pH drop. Overall, the range o f drop in pH level was 
between 0.5 and 1.0 unit. The biggest drop in pH caused by dosing clay coagulants 
was observed in the order of Fe-Kl0>A1/Fe-Kl0>A1-K10> raw-KlO.
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Figure 4.5.10 shows the percentage removal of turbidity vs coagulant dosages. 
Most KlO-based clays showed no effect o f removing turbidity except for Fe- and 
Al/Fe-modified KIO clays for the pH 6.5 of model water. The percentage removal of 
Fe- and Al/Fe-modified KIO was 51.3% and 85.9%, respectively, at a dosage o f 1000 
mg/L.
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Fig. 4.5.9. pH variation in fulvic acid model water after sedimentation in 
the coagulation with montmorillonite KIO based clays
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Fig. 4.5.10. Turbidity removal from fulvic acid model water by 
coagulation with montmorillonite KIO based clays (Mean Co 
= 7.81NTU at pH 6.5, Co =6.45NTU at pH 7.5) (Only 
positive % removal values are presented)
Figure 4.6.11 shows the percentage removal o f UV254-absorbance as a function 
o f coagulant dosages. The Raw-KlO showed no removal effect at pH 6.5 and pH 7.5. 
The UV254-abs removal with Fe-Kl 0 and Al/Fe-KlO was 82% and 77%, respectively, 
for the pH 6.5 model water at a dosage o f over 800 mg/L; and approximately 70% 
for pH 7.5 model water at a dosage o f 1400 mg/L. The UV254-abs removal with Al- 
KIO increased from 30% to 77% with an increasing coagulant dosage for pH 6.5 
model water, and from 18% to 65% with an increasing coagulant dosage for pH 7.5 
model water.
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Fig. 4.5.11. UV254-abs removal from fulvic acid model water by 
coagulation with montmorillonite KIO based clays (Mean Co 
= 0.07Icm'^ at pH 6.5, Co = 0.073cm’  ^ at pH 7.5) (Only 
positive % removal values are presented)
Figure 4.5.12 shows the percentage removal o f VIS42o-absorbance as a function 
o f coagulant dosages. For both pH 6.5 and pH 7.5 model waters, no VIS42o-abs was 
removed by raw-KlO. The VIS42o-abs removals with Fe-Kl 0 and Al/Fe-KlO were 
>85.7% and 100% for the pH 6.5 model water at a dosage o f over 800 mg/L, 
respectively; and were all 100% for the pH 7.5 model water at a dosage o f 1400 
mg/L. The VIS42o-abs removal with Al-KlO increased from 14% to approximately 
71% by increasing the dosages for the pH 6.5 model water. However, the VIS420-abs 
removal with Al-KlO for the pH 7.5 model water was very low (approximately 
below 10%).
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Fig. 4.6.12. VIS420-abs removal from fulvic acid model water by 
coagulation with montmorillonite KIO based clays (Mean Co 
= O.OOTcm'  ^ at pH 6.5, Co = O.OOTcm’  ^ at pH 7.5) (Only 
positive % removal values are presented)
4.5.3 Comparative Performance of Al/Fe based Saits and Various Clay 
Coagulants in the Treatment of Fulvic Acid
The Al/Fe based salts and various clay coagulants were also evaluated for their 
performance in treating fulvic acids in water. In comparing Al/Fe- and clay-based 
coagulants in the treatment of fulvic acid, the amount o f metal polymeric species 
fixed on to clays after modification should be taken into account, and this has been 
studied before (Jiang et al., 2004). The work disclosed that after modification, there 
is 0.3 mmol metal species fixed onto the one gram o f clay on the average as 
described in 4.4.3. This value was used in this study for the comparison o f treatment 
performance o f various coagulants. The performance was compared for pH 6.5, at 
which coagulants used achieved better efficiencies than those at pH 7.5.
Figure 4.5.13 shows the comparison o f turbidity removal efficiencies by metal 
salts Al/Fe-modified montmorillonite based clays, which are selected from all trials 
in this study. The AS and PAC showed the similar turbidity removal patterns that are 
effective in the relatively low dosages and a narrow working range. They showed the 
best efficiency of approximately 100% in a dosage range o f 0.07-0.19 mmol/L, and
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then their coagulation abilities sharply decreased. The Raw-KSF achieved 99% in an 
initial dosage range o f below 0.06mmol/L, but the efficiencies gradually decreased 
with increasing dosages. The shape of removal efficiency curve by Al/Fe-KSF is 
similar to AS and PAC, but is laid on the higher dosage side, while FS-KSF revealed 
a very high performance o f over 95% removal at the dosage o f over 0.18 mmol/L. 
The FS also achieved a good performance o f average 90% in a dosage range o f over 
O.18mmol/L. The performances o f Fe-Kl 0 and Al/Fe-KlO on the removal o f 
turbidity are very low compared with the other coagulants. The order o f higher 
turbidity removal o f fulvic acid could not be expressed because they have different 
characters.
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Fig. 4.5.13. Turbidity removal fi*om fulvic acid model water by 
coagulation with selected Al/Fe based salts and 
montmorillonite based clays at pH 6.5 (Co= 3.30-9.40NTU) 
(Only positive % removal values are presented)
Figure 4.5.14 shows the comparison o f UV254-abs removal efficiencies vs. 
dosages of selected Al/Fe metal salts and montmorillonite based clays. The AS and 
Raw-KSF showed similar UV254-abs removal patterns that were approximately 80% 
in an initial dosage range and then gradually decreased. The PAC showed a very low 
performance o f below 60% while FS achieved over 80% in a dosage ranging over 
O.llmmol/L. The Fe-K l0 showed a performance o f approximately 80% in a dosage
123
range of over O.18mmol/L. The UV254 removal was revealed in the order o f Raw- 
K SF~ AS >FS>Fe-Kl 0>Al/Fe-KSF=^Fe-KSF>PAC >A1/Fe-Kl 0.
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Fig. 4.5.14 ÜV254-abs removal from fulvic acid model water by 
coagulation with selected Al/Fe based salts and 
montmorillonite based clays at pH 6.5 (Co=0.051-0.073cm'^)
(Only positive % removal values are presented)
Figure 4.5.15 shows the comparison o f VIS42o-abs removal efficiencies vs. 
dosages of selected Al/Fe based salts and montmorillonite based clays. These results 
are similar to the results o f UV254-abs removal, because the most colour forming 
materials, which absorb a visible light o f 420nm, are double-bond organic substances. 
Both AS and Raw-KSF showed a similar removal pattern, and they showed 
approximately 100% in an initial dosage range and then gradually decreased. PAC 
also showed a very low performance of below 60%. FS achieved a very high 
performance of almost 100% over the entire dosage range. Al/Fe-KSF, Fe-KSF and 
Fe-Kl 0 also achieved a high performance. The order o f higher VIS420-abs removal 
may be expressed as follows: AS~Raw-KSF^FS>Al/Fe-KSF~Fe-KSF~Fe-K10> 
Al/Fe-K10> PAC.
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Fig. 4.5.15. VIS42o-abs removal from fulvic acid model water by 
coagulation with selected Al/Fe based salts and 
montmorillonite based clays (Co=0,004-0.009cm‘ )^ (Only 
positive % removal values are presented)
In general, Fe-K l0, AS, FS and raw KSF performed better than other 
coagulants in terms o f removoing UV254-abs. and VIS42o-abs. It is believed that Raw- 
KSF, which is treated with acid in advance, is also effective in the organic solute 
removal because o f its acidic nature. It is also worth noting that the UV254-abs 
removal by coagulation in the treatment o f fulvic acid is below 80% — lower than 
that in the treatment o f humic acid (> 95%).
The benefit o f using AS and FS could be derived from using low dosage in 
water treatment, but proper control o f dose would not be easy because o f the narrow 
working range. The Raw-KSF has performed very well in this study, but it also has a 
problem of causing high residual metal concentrations as described in 4.4.3. From 
this viewpoint, some o f the Al/Fe-modified clays, i.e., Fe-Kl 0 and Al/Fe-KSF, may 
qualify as proper coagulation agents in water treatment although they produce more 
sludge in the process.
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4.6 Evaluation of Coagulation Performance in the Removal of Microcystis 
aeruginosa
4.6.1 Growth Property of Microcystis aeruginosa
Typically, Microcystis aeruginosa sp. forms spherical colonies. When observed 
on a microscope, its border is irregular, extending lengthily in lobed or reticulate 
mass forms. Suspended colonies often appear as small blue-green “clots” to the 
naked eye. Individual cells are very small (3-9.5/zm in diameter) with conspicuous, 
highly refractive pseudovacuoles that cause the colonies to be buoyant and float to 
the surface. Cells of colonies are held together by a transparent and gelatinous matrix, 
which may be difficult to discern under microscopic examination. Figure 4.6.1 shows 
a microscopic view of M icrocystis aeruginosa which was in a status o f 10 days after 
being cultured.
Fig. 4.6.1. Microphotograph o f Microcystis aeruginosa for 10 days 
culturing (x400)
The pH variations in culture media (CB) during the culture period can be seen 
in Figure 4.6.2. A very small magnitude of variations was observed in the vicinity of 
pH 8 . Figure 4.6.3 shows an observation of the variations in chlorophyll-a 
concentration during a culture period in which five phases are clearly seen: a 6 -day 
lag phase, a 10-day exponential phase, a 4-6-day stationary phase, and a death phase.
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Fig. 4.6.2. Variation o f pH in culture media during the culture period
According to a former study on the coagulation characteristic o f Microcystis 
aeruginosa (Kim et al., 1996), the algal samples had taken from exponential growth 
phase, in which, the removal efficiency was significantly lower than that from any 
other growth phase, owing to the increased number o f individual algae. For that 
reason. Jar tests were performed with the exponential-phase o f Microcystis 
aeruginosa after diluted up to the targeted concentration for the test.
Figure 4.6.4 shows a UV254 absorbance during the culture period. The water 
quality in culturing fluids rapidly deteriorated from the stationary phase, clearly 
distinguishing it from other growth phases. It is believed that such a phenomenon is 
caused by the releasing o f toxic dissolved organic matter (DOM) such as 
lipopolysaccharide-type endotoxin, 2-MIB (Methyl-isobomeal) and geosmin from 
the dead cells o f Microcystis aeruginosa.
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Fig. 4.6.4. Variation o f UV254 absorbance during the culture period
Figure 4.6.5 shows the variations in DOC during the culture period. Given that 
there is a high correlation between UV254 and non-degradable matter, it is believed
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that degradable monomeric organic compounds have been used by algae for their 
growth during the exponential growth phase, whereas toxic dissolved organic matters 
have not been used by the algae because o f its non-degradability.
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Fig. 4.6.5. Variation o f DOC concentration during the culture period
As shown in Figure 4.6.6, the DOC concentration resulted in an increase in the 
Specific UV absorbance (SUVA) value up to 4.01(cm"Vmg/L) on the day the 
maximum numbers o f Microcystis aeruginosa were cultured.
It is believed that the water quality in culturing media is contaminated by 
hydrophobic and polymeric organic matters. Generally, dissolved organic matter has 
been characterised by SUVA which is defined as a ratio o f UV254 absorbance to 
DOC concentration (Abs/DOC, cm'^ o f absorbance per mg/L o f DOC). I f  SUVA 
value is multiplied by 100, the unit o f SUVA becomes m'^ o f absorbance per mg/L o f 
DOC. DOM may be considered a relatively hydrophobic and aromatic polymeric 
compound, if  SUVA value is between 4 and 5, while it may be considered a 
relatively hydrophilic and low molecular weight compound, if  SUVA values are less 
than 3.
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Fig. 4.6.6. Variation of SUVA value during the culture period
4.6.2 Algae Removal by AS, FS, PAC and PFS Coagulations
The Microcystis aeruginosa in the exponential-growth-phase was diluted to a 
concentration o f 30 mg/m^ as chlorophyll-a (mean value) for jar tests, and the dosage 
o f the coagulating agents was expressed in the concentration of a corresponding 
metal ion (mmol/L as M^^).
Figure 4.6.7 shows how pH vary according to the dosages o f coagulating agents. 
For polymeric coagulants, the pH drop gap by dosing PAG with a basic ratio (r value) 
o f 2.0 was narrower than that by PFS with a basic ratio o f 0.3. On the other hand, 
among monomeric coagulants, pH values reduced significantly. A reduction in pH 
values leads to higher process/operating costs because o f corrosion in pipe as well as 
the use of base in the water treatment process. In this study, pH values dropped in the 
order o f PAC<PFS<FS<AS.
Figure 4.6.8 shows the alkalinity consumption (%) as a function o f coagulant 
dosages. In proportion to variations in pH, the monomeric coagulant AS showed the 
highest consumption of alkalinity. In contrast, the polymeric coagulants PFS and 
PAG showed a relatively low consumption of alkalinity, which seems to be 
contributed by the partial hydrolysis occurring in the polymeric coagulants 
themselves.
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Fig. 4.6.7. Variations o f pH Value in algal model water by coagulation 
with the AS, PAC, FS and PFS coagulants
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Fig. 4.6.8. Alkalinity consumption in algal model water by coagulation 
with the AS, PAC, FS and PFS coagulants
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Figure 4.6.9 shows the percentage turbidity removal as a function o f coagulant 
dosages. As illustrated in the figure, the AS, which caused the largest reduction in pH 
over the entire coagulant dose range, showed excellent turbidity removal, i.e., 96.1% 
in average. PAC achieved an approximating 90% turbidity removal over the entire 
coagulant dose range. The Fe-based coagulants such as FS and PFS achieved lower 
turbidity removal than those by Al-based coagulants for the dosage o f 0.02 mmol/L 
(1 mg/L); however, they showed a relatively similar turbidity removal efficiency at 
the dosage of 0.05mmol/L (3 mg/L). For both FS and PFS, turbidity removals were 
in an average o f 80.8% and 85.3%, respectively, for the initial dosage range o f 0.02- 
0.05 mmol/L (1-3 mg/L). The order o f higher turbidity removal is expressed as 
follows: AS>PFS> PAC>FS.
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Fig. 4.6.9. Turbidity removal from algal model water by coagulation with 
the AS, PAC, FS and PFS coagulants (Mean Co=26.25NTU)
Figure 4.6.10 shows the percentage removal o f chlorophyll-a, an indicator for 
algae concentrations, vs. the dosages of coagulants. PAC and PFS achieved the 
>90% Chlorophyll-a removal for the dose of 0.05 mmol/L, while FS and AS required 
a dose o f 0.1 mmol/L to achieve the same performance.
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Fig. 4.6.10. Chlorophyll-a removal from algal model water by coagulation 
with the AS, PAC, FS and PFS coagulants (Mean Co=26.80 
mg/m^)
Figure 4.6.11 shows the DOC removal percentage as a function o f coagulant 
dosages. Overall, the DOC removals by FS were less than 30%, but those by 
polymeric coagulant PFS were about 47% in average, which were relatively higher 
than those o f any other coagulants. The DOC removal by AS was 16% at the initial 
dosage of 0.04 mmol/L, which was similar to that by FS at the dosage o f 0.02 
mmol/L. As the coagulant dosages increase, the AS can remove DOC up to 57%. 
The DOC removal by PAC was about 30% on average over the entire coagulant dose 
range, showing organic matter removals relatively lower than those o f any other 
coagulants. The order o f DOC removal for a dose greater than 0.05 mmol/L is 
expressed as follows: PFS>AS> PAC>FS.
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Fig. 4.6.11. DOC removal from algal model water by coagulation with the 
AS, PAC, FS and PFS coagulants (Mean Co = 10.36 mg/L)
4.6.3 Algae Removals by Clay Coagulants
4.6.3.1 Algae Removals by Bentonite Clay Coagulants with varying Ageing 
Times
To identify the optimal ageing time necessary to prepare Al-modifred bentonite 
clays, the removal efficiencies o f algae by coagulants were examined based on 
different ageing times. PAC was prepared according to the optimal synthetic 
conditions described in Section 4.2, and four kinds o f Al-modifred bentonite clays 
with varying ageing times (1, 2, 4, 6 hrs) in the process o f modifying Na-bentonite 
were prepared in laboratory. In this experiment, raw hentonite, Na-bentonite, four 
Al-modifred bentonite clays were used.
Figure 4.6.12 shows the variations o f pH as a function of the dosage o f loess, 
raw bentonite, Na-bentonite and four kinds o f Al-modifred bentonite clays with 
varying ageing times. Loess had little effect on pH levels. The pH value by Na- 
bentonite dosage increased 0.7 units from 8.21 at a dosage of 1200mg/L, but dropped 
about 0.4 units when Al-modifred bentonite clays were dosed. Overall, the pH drop 
by Na-bentonite was low.
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Fig. 4.6.12 Variation o f pH value in algal model water by coagulation 
with the clays and Al-modified bentonite coagulants
Figure 4.6.13 shows the alkalinity consumed as a function o f the dosage o f 
coagulants. The alkalinity range o f raw-water used in this coagulation experiment 
was between 42.0 and 67.0mg/l as CaCOs. As illustrated in the figure, all showed an 
increase in alkalinity consumption with the increasing dosage o f coagulants with the 
exception o f Na-bentonite. For Al-modified bentonite clays, loess, and Na-bentonite, 
the alkalinity consumptions were 13 to 18%, 12%, and 5% at a dosage o f 1200mg/L, 
respectively.
As in Figure 4.6.14, which shows turbidity removal percentage as a function of 
the dosage of clay coagulants, the dosage of loess showed a reduction from 79% to 
40% turbidity removal in reverse proportion to the dosage of clay coagulants in a 
dosage range of 200 to SOOmg/L, while showing a more than 60% increase in 
turbidity adversely in a dosage range o f more than 1000 mg/L. Na-bentonite had no 
coagulation capability, showing an increase o f up to 1034% in turbidity at a dosage 
o f 1200 mg/L. On the other hand, the dosage o f Al-modifred bentonite clays showed 
70% or higher turbidity removal over the entire dosage range. The dosage o f Al- 
bentonite clays with an ageing time o f Ihr and 2hrs showed 70-76% and 80-91% 
turbidity removals in a dosage range o f 200 to 1200 mg/L, respectively. However, 
turbidity removals by Al-bentonite clays, which have an ageing time o f 4 and 6  hrs.
135
were 93-99% and 94-98% in a dosage range o f 200 to 1200 mg/L, respectively. 
They recorded an average of 97% turbidity removal efficiency in a dosage greater 
than 400 mg/L. In terms of turbidity removal efficiency, an ageing time o f 4-6 hrs is 
appropriate.
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Fig. 4.6.13 Alkalinity consumption in algal model water by coagulation 
with the clays and Al-modified bentonite coagulants
Figure 4.6.15 shows the chlorophyll-a removal percentage. Through 
examination o f the chlorophyll-a removal by different clay coagulants, chlorophyll-a 
removal percentage by loess was found to be 88-95% over the entire dosage range. 
Chlorophyll-a removal by Na-bentonite showed an average o f 96%, but recorded 
irregular return values as a function o f clay coagulant dosage. Among the Al- 
modified bentonite clays, Chlorophyll-a removal by Al-bentonite clay with a one- 
hour ageing time was 73-89% over the entire dosage range, while the chlorophyll-a 
removal by bentonite clay with a two-hour ageing time was 1 0 0 % in a dosage range 
o f 400 to 1000 mg/L. In addition, chlorophyll-a removal by Al-bentonite clay with a 
four-hour ageing time also was 100% in a dosage range of 200 to 1000 mg/L, but 
only recorded a 97% at a dosage o f 1200 mg/L.
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Fig. 4.6.14. Turbidity removal Jfrom algal model water by coagulation 
with the clays and Al-modified bentonite coagulants 
(Mean Co=43.97 NTU) (Only positive % removal values 
are presented)
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Fig. 4.6.15. Chlorophyll-a removal from algal model water by coagulation 
with the clays and Al-modified bentonite coagulants (Mean 
Co=14.64 mg/m^)
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Figure 4.6.16 shows the DOC removal percentage as a function o f coagulant 
dosage. The measurement o f DOC concentration gave quite an unexpected result. In 
particular, 44 to 49% of DOC concentration increased significantly only by the 
dosage o f Na-bentonite clay, while the dosage o f loess recorded a slight increase in 
DOC removal by 0.4 to 2% over the entire dosage range. The dosage o f Al-bentonite 
clays and PAC modified Na-bentonite clay also showed a slight increase in DOC 
removal percentage by 2  to 14% as a function o f ageing time.
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Fig. 4.6.16. DOC removal from algal model water by coagulation with the 
clays and Al-modified bentonite coagulants (Mean Co=9.33 
mg/L) (Only positive % removal values are presented)
4.6.3.2 Algae Removals by Montmorillonite Clay Coagulants
A. Coagulation with KSF based Coagulants
Figure 4.6.17 shows the variations of pH values after sedimentation according 
to the dosages o f coagulants. In a coagulant dosage ranging up to 1200 mg/1, the raw- 
KSF and Al/Fe-KSF showed the largest drop in pH, while the dosages o f Fe-KSF 
showed the smallest drop in pH. Overall, the range o f decline in pH values was 2 to 3 
units, and pH values dropped were in the order as Al/Fe-KSF > KSF>A1-KSF>P- 
KSF>Fe-KSF.
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In an experiment where the KSF-based clays were used as coagulants and 
dosages o f coagulants were up to 1200 mg/L, the range o f alkalinity o f the raw 
model water was between 44.0 mg/L and 108.0 mg/L as CaCOg. The maximum 
alkaline consumptions by using KSF-based clays in this study ranged from 66.7% for 
the dosages o f Fe-KSF to 96.5% for the dosage o f raw-KSF. The alkaline 
consumptions were in proportion to the amounts o f variations in pH, showing an 
order o f Al/Fe-KSF >KSF>Al-KSF>P-KSF>Fe-KSF.
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Fig. 4.6.17. Variation o f pH value in algal model water after sedimentation 
by coagulation with the KSF based clay coagulants
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Fig. 4.6.18. Alkalinity consumption in algal model water after 
sedimentation by coagulation with the KSF based clay 
coagulants
Figure 4.6.19 shows the turbidity removal characteristics as a ftmction o f the 
dosages o f coagulants. More than 95% turbidity was removed by both the raw-KSF 
and P-KSF over the entire dosages studied. On the other hand, 100% turbidity 
removal was achieved by Al/'Fe-KSF, which reduced more pH than Raw-KSF, for a 
dose o f 200 mg/L, and it was decreased to 87% when the doses increased to 600 
mg/L, but had dropped significantly for dosages greater than 600 mg/L. In addition, 
85 to 93% turbidity removal was achieved by Al-KSF at a dosage range o f 200 to 
600 mg/L, while it dropped slowly for a dosage more than 600 mg/L. The order of 
the turbidity removal was: P-KSF>Raw-KSF>Fe-KSF>Al-KSF>Al/Fe-KSF.
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Fig. 4.6.19. Turbidity removal from algal model water by coagulation 
with the KSF based clay coagulants (Mean Co = 37.07 NTU)
Figure 4.6.20 shows the chlorophyll-a removal percentages as a function o f the 
dosages o f KSF-based coagulants. The chlorophyll-a removal by raw-KSF was 98% 
at an initial dosage o f 200 mg/L, and 100% in a dosage range o f over 800 mg/L. The 
Raw-KSF achieved the best removal efficiency. However, the other clay coagulants 
also achieved similar results. For Al-KSF, chlorophyll-a removals were 92, 98 and 
100% at a dosage of 200, 400 and 600 mg/L, respectively. Chlorophyll-a removal by 
Al/Fe-KSF showed 96 to 98% over the entire dosage range. Overall, the other 
coagulants also achieved high chlorophyll-a removal, ranging from 93 to 98% over 
the entire dosage range.
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Fig. 4.6.20. Chlorophyll-a removal from algal model water by coagulation 
with the KSF based clay coagulants (Mean Co=24.69 mg/m^)
Figure 4.6.21 shows DOC removal percentages as a function o f coagulant 
dosages. Overall, the raw-KSF, Al-KSF and P-KSF seemed to show little or no DOC 
removal efficiencies in spite o f high turbidity reductions. This phenomenon may be 
attributed to the conversion o f carbonated compounds from clay minerals to solutions, 
and this is unacceptable in view o f mass balance. In the process o f modifying clay 
minerals with polymeric A1 or Fe in acidic condition, ion exchanges occur. The 
COs^' or HCO3'  ions in the clays are replaced by Cl’ from PAC or PFC. This might 
have made COg^’ or HCO3’ ions to be deposited on the surface o f clays which were 
then dissolved in water solution in the treatment process and decomposed into CO2 
during DOC analysis, thereby causing high DOC concentrations. The results o f 
Al/Fe-KSF and Fe-KSF were more unacceptable because they increased the solution 
DOC concentrations by 34% and 44% over the entire dosage range, and also because 
o f the catalytic effect of iron on the decomposition o f carbonate compounds. 
Therefore, an appropriate measurement method should be developed, and further 
research should explore this phenomenon.
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Fig. 4.6.21. DOC removal from algal model water by coagulation with the 
KSF based clay coagulants (Mean Co=18.11 mg/L) (Only 
positive % removal values are presented)
B. Coagulation with Modified KlO-Based Clays
Figure 4.6.22 shows the variations in pH values vs. the dosages o f coagulants. 
Overall, pH values for all the coagulants dropped with the dosages o f coagulants. 
The pH values after dosing Fe-KlO and Al/Fe-KlO dropped significantly, while the 
pH after dosing P-KIO, raw-KlO and Al-KlO decreased slightly. Fe-KlO led 
solutions pH decrease greatest comparing all other KlO-based coagulants.
Figure 4.6.23 shows the alkalinity consumption (%) obtained in this experiment 
where KlO-based clays were used as coagulants. The alkalinity o f raw model water 
was o f 39.5 to 50.5 mg/L as CaCOs, and the alkaline consumption increased linearly 
as a ftmction of the dosages of coagulants. The higher alkalinity consumption was 
revealed in the order of Fe-K10> Al/Fe-K10> Al-K10> Raw-Kl 0>P-K10.
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Fig. 4.6.22. Variations of pH value in algal model water by coagulation 
with the KIO based clay coagulants
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Fig. 4.6.23. Alkalinity consumptions in algal model water by coagulation 
with the K10 based clay coagulants
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Figure 4.7.24 shows the turbidity removal vs. the dosages o f coagulants. P-KIO 
achieved 90 to 92% turbidity removals for dosages ranging from 200 to 400 mg/L, 
and 97% removal for the dose greater than 600 mg/L. Turbidity removal by Fe-KlO 
was 96 - 97% for dosages between 200 and 800 mg/L; however, very low turbidity 
removals (0.6 to 18.8%) by Fe-KlO were shown in a dosage range > 1000 mg/L, and 
this is probably due to floe disintegration. A 60 to 70% turbidity removal was 
achieved by Al-KlO over the entire dosage range. Approximately 83% removal was 
achieved by Al/Fe-KlO at a dosage o f 200 mg/L, and thereafter it decreased 
continuously with the doses. It was found that the Raw-KlO is incapable o f removing 
turbidity owing to the lack o f coagulation capability.
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Fig. 4.6.24. Turbidity removal from algal model water by coagulation 
with the KIO based clay coagulants (Mean Co=36.87 NTU)
(Only positive % removal values are presented)
Figure 4.6.25 shows the percentages o f chlorophyll-a removal as a function o f 
the dosages o f KlO-based coagulants. Generally, all the KlO-based coagulants 
achieved more than an 81% removal efficiency o f Chlorophyll-a. In particular, P- 
KIO achieved an average 96% chlorophyll-a removal efficiency over the entire 
dosage range. The order o f the capacity o f removing chlorophyll-a was P-K10>Fe- 
K10 > Raw-Kl 0 > Al/Fe-Kl 0 > Al-Kl 0.
145
Figure 4.6.26 the shows DOC removal percentages as a function o f coagulant 
dosages. Dosing o f Al-Kl 0 dosages increased the DOC by approximately 30%. DOC 
removals by the other coagulants were very low.
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Fig. 4.6.25. Chlorophyll-a removal from algal model water by coagulation 
with the KIO based clay coagulants (Mean Co = 23.71 mg/m^)
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Fig. 4.6.26. DOC removal from algal model water by coagulation with the 
KIO based clay coagulants (Mean Cq=20.79 mg/L) (Only 
positive % removal values are presented)
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4.6.4. Comparative Algae Removals by Metal- and Clay-based Coagulants
The Al/Fe based salts and various clay coagulants were also evaluated for their 
performance in treating algae in water. In comparing Al/Fe- and clay-based 
coagulants in the treatment o f algae, the amount o f metal polymeric species fixed on 
to clays after modification should be taken into account, and this has been studied 
before (Jiang et ah, 2004). The work has disclosed that after modification, in average, 
there is 0.3 mmol metal species fixed onto one gram of clay (as described in 4.4.3). 
This value was used here for the comparison o f treatment performance o f various 
metal and clay-based coagulants in the treatment o f algae. The performance was 
compared in terms o f the removal o f turbidity and chlorophyll-a.
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Fig. 4.6.27. Turbidity removal from algal model water by coagulation 
with selected Al/Fe based salts and montmorillonite based 
clays (Co=25-33 NTU)
Figure 4.6.27 shows the comparison o f turbidity removal efficiencies vs. 
dosages of Al/Fe based salts and montmorillonite based clays, which are selected 
from all trials in this study. LAS and PFS showed better results than PAC, that is, 
95% removal on the average. Also the Raw-KSF, Fe-KSF and P-KSF showed 95% 
or higher turbidity removal over the entire dosage range. P-KIO showed the best 
turbidity removal (about 97%) among the KIO based clays, and this performance is 
competitive with KSF based clays. This implies that excellent performance clay
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coagulants could be prepared without the acid pre-treatment while the raw-KlO and 
loess were found to have no turbidity removal functions. Higher turbidity removal 
was observed in the order o f P-KSF > P-KIO > Raw-KSF > AS > PFS ^  Fe-KSF > 
FS > PAC.
Figure 4.6.28 shows the comparison o f chlorophyll-a removal efficiencies vs. 
dosages o f Al/Fe based salts and montmorillonite based clays. PAC and PFS 
achieved the best results, that is, more than 90% chlorophyll-a removal. The Raw- 
KSF showed 98% chlorophyll-a removal, and Al-KSF showed an almost 100% 
removal efficiency in a dosage range o f 600 mg/L or above. The Al/Fe-KSF showed 
96-98% removal results over the entire dosage range. The other KSF based clay 
coagulants also recorded excellent chlorophyll-a removals (93-98%) over the entire 
dosage range. However, most KIO based clay coagulants showed 81% or little higher 
chlorophyll-a removal. In particular, P-KIO showed 96% or higher Chl-a removal 
over the entire dosage range.
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Fig. 4.6.28. Chlorophyll-a removal firom algal model water by 
coagulation with selected Al/Fe based salts and 
montmorillonite based clays
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4.7 Evaluation of Coagulation Performance in the Treatment of Car Washing 
Wastewater
In this section, the coagulation results in the treatment o f car-wash wastewater 
are presented based on the percentage removals o f suspended solids, CODcr and oil 
content, which were calculated in terms o f variations in the quality parameters vs. 
those of controlled samples (they have undergone full coagulation procedures but 
without the addition o f any coagulants).
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Fig. 4.7.1. Suspended solids removal with (a) montmorillonite KSF 
based coagulants, (b) montmorillonite KIO based 
coagulants, and (c) metal and polymer coagulants.
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Figure 4.7.1 (a-c) shows the percentage removals of suspended solids (SS) with 
modified clay and metal/polymer coagulants. For the KSF based clays (a), >90% SS 
removal was achieved with the polymer and mixing Al/Fe modified clay coagulants 
at a dose o f 800 mg/L. The raw KSF clay also achieved good SS removal. For the 
KIO based clays (b), the polymeric iron modified clay achieved the best performance, 
that is, 90% SS was removed at a dose o f 800 mg/L. The Polymeric Al/Fe modified 
KIO also achieved an adequate performance. Among the metal and polymer based 
coagulants (c), PAC removed 90% SS at a low dose, 2 mg/L as Al.
In comparison of SS removal, we observed that P-KSF, Al-KSF, A l-K l0, Fe- 
KIO and PAC can remove more SS at low doses. This may be attributed to the KSF 
clay’s acidity nature. The KSF is an acid-pre-treated montmorillonite, and it caused 
the pH to drop down to 1-3 units when it was added into water (Figure 4.8.4). In 
contrast, all the other modified KSF and KIO clays and metal coagulants can only 
cause pH to go down 0.5-1 units. Low pH might be favoured in the SS and COD 
removal, but it is not the case in the oil removal. The advantage o f using the 
modified KSF and KIO coagulants is that the modified clays do not cause pH to go 
down too low but still can achieve the best overall treatment.
Figures 4.7.2 (a-c) show the percentage removals o f COD with modified clay 
and metal/polymer coagulants. For the KSF based clays in Figure 4.7.2 (a), 80% and 
90% COD removals were achieved by the polymer modified clay coagulant at the 
dose o f 600 and 800 mg/L, respectively. The raw KSF achieved about 67% COD 
removal at a low dose (400 mg/L), but could not achieve >80% when the dose was 
greater than 1000 mg/L. The performance o f the Polymeric Fe and the Al/Fe 
modified KSF was similar to the raw KSF. For the KIO based clays (b), both 
polymeric iron and mixing Al/Fe modified clays achieved the best performance, that 
is, 50% COD was removed at a dose o f 800 mg/L. The other three KIO based 
coagulants did not perform as well as Fe-KlO and Al/Fe-Kl 0. Among the metal and 
polymer based coagulants (c), PAC removed 60% COD at a dose o f 8  mg/L as Al, 
and none o f the other three coagulants could achieve such a high removal.
Comparing the effectiveness in the removal o f CODcr, the polymer (P-) 
modified KSF coagulant performed better than all the other coagulants; at a dosage 
o f 600 mg/L, P-KSF removed 80% CO D. It is interesting to note that with P alone, it 
can only remove the maximum CO D about 22%. The other good clay-based 
coagulants in terms o f better CO D removal were Al/Fe-KSF, raw KSF, Fe-KlO, 
Al/Fe-Kl 0 and PAC. For the clay based coagulants, a dosage of 200 mg/L 
(equivalent to 1.62 mg/L as Al) removed 40-50% C O D , while for PAC a dosage o f 2
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mg/L achieved 50% COD. Thus the clay based coagulants required a lower dosage 
than the PAG in order to achieve the similar COD removal performance.
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Fig. 4.7.2. Chemical Oxygen Demand (COD) removal with (a) 
montmorillonite KSF based coagulants; (b) montmorillonite 
KIO based coagulants; and (c) metal and polymer coagulants.
It is interesting to note that the raw KSF clay can remove more SS and COD 
than the raw KIO clays, which may be attributed to the KSF clay’s acidity nature. 
The KSF is an acid-pre-treated montmorillonite, and it caused the pH to drop down 
to 1-3 units when it was added into water (Figure 4.7.3). In contrast, all the other
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modified KSF and KIO clays and metal coagulants could only cause the pH to go 
down 0.5-1 units. Low pH might be favoured in the SS and COD removal, but it is 
not the case for the oil removal. The advantage o f using the modified KSF and KIO 
coagulants is that the modified clays will not cause pH to go down too low but still 
can achieve the best overall treatment.
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Figure 4.7.3 pH variation after sedimentation; (a) montmorillonite KSF 
based coagulants, (b) montmorillonite KIO based coagulants, 
and (c) metal and polymer coagulants
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Figures 4.7.4 (a-c) present the percentage removal o f oil from the car-washing 
effluent with modified clays and metal/polymer coagulants. For the KSF based clays 
(a), the polymeric iron modified KSF achieved > 90% oil removal at a very low dose 
(200 mg/L), and the polymeric Al/Fe modified KSF can achieve a similar removal 
performance at a high dose (1200 mg/L). However, none of the other three KSF 
based clays could achieve such a removal even at the highest dose studied ( 1 2 0 0  
mg/L).
For the KIO based clays (b), both the polymeric iron and aluminium modified 
KIO clays achieved the best performance; >90% oil could be removed at a low dose 
o f 200 mg/1. The other three KIO based coagulants did not perform as well as Fe- 
KIO and Al-Kl 0. Among the metal and polymer based coagulants (c), PAC could 
remove 80% COD at a dose o f 2 mg/L as Al, and none o f the other three coagulants 
could achieve such a high removal.
The results demonstrated that polymeric Fe modified KSF and polymeric Fe or 
Al modified KIO possessed a very high efficiency in removing the oil; a dose o f 200 
mg/L removed more than 90% oil. On the other hand, PAC achieved the maximum 
80% oil removal at a low dose o f 2 mg/L as Al, but never could achieve > 90% oil 
removal. Since 200 mg/L modified-clay is equivalent to 1.62 mg/L as Al or 3.36 
mg/L as Fe, the modified clay coagulants were found to remove more oil than PAC 
at low doses.
Consequently, Fe-KSF, Fe- or Al-Kl 0, and the PAC can achieve the highest oil 
removal efficiency. For a low dose o f clay, 200 mg/L (equivalent to a metal dose o f 
0.06 mM as metal), the polymeric Fe-KSF and Fe- or A l-K l0 can remove 95% oil, 
but PAC can only achieve about 80% oil removal at a dose o f 1.62 mg/L as Al 
(equivalent to a metal dose o f 0.06 mM as Al). The Polymer (P) modified KSF 
coagulant can achieve the greatest removals o f suspended solids and COD in 
comparison with the PAC and other clay-based coagulants.
These findings led me to conclude that montmorillonites KIO and KSF can be 
modified with the mixing polymeric Al/Fe species or a cationic organic polymer 
using the procedure developed in this study. The resultant modified clay coagulants 
possess the specific properties that enable them to react with particles, organic 
constitutes and oils, and they can be used as coagulants for car-washing wastewater 
treatment. The treatment performance o f modified clay coagulants was greater than 
that of the conventional processes, i.e., sand screen with oil/water separation and 
coagulation/ sedimentation. The modified clay coagulants thus represent a new type 
o f coagulants having high potentials in the treatment o f various wastewaters.
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CHAPTER 5 FINAL DISCUSSION & CONCLUSIONS
The potential use o f natural or modified clays as adsorbents and coagulants for 
treating heavy metals and organic pollutants have been reported (see Chapter 2). 
However, in Korea, there are no published researches using various modified clay 
coagulants for the removal o f sedimentary NOM, algae control, and car-wash 
wastewater treatment. This work then contributes the knowledge of the use o f 
various clays for water and wastewater treatment, especially in my country. South 
Korea.
In Daechung Lake o f Korea, algae have occurred more than 70 days each year in 
average. In most areas, the dominant algae are Microcystis and Anabaena genus 
(“blue green” cyanobacteria), which has caused huge problems. A best technique is 
thus required to remove them from water. This study provides an alternative 
approach to address the algal problem in Korea.
The efficiency o f the treatment o f car-wash wastewater in Korea is not enough 
and in most cases, the oil and suspended solids (SS) concentrations in the treated 
effluent exceed the waste discharge standards. Therefore, the use o f clays in the 
treatment o f car wash wastewater provides an alternative process or a new treatment 
chemical in my country, this will be very useful.
Another endeavour through this work is to use clay based coagulants for the 
removal o f NOM, which has not been reported in Korea, and this should provide 
water industry in my country very meaningful information.
The main findings arising from the work detailed in this thesis are as follows:
The Raw-KSF has a lower pH level (pH 1.8), possesses negative charge (-1.25 
jLteq/g), a smaller swelling volume of 2.25 mL/g, and a greater surface area o f 448.7 
m^/g which is greater than that o f other raw clays.
In leaching tests o f various clays, a higher level of Al^^ concentration was 
leached out of the raw-KSF. However, little Al^ "^  was leached out o f other raw clays. 
It is supposed that this is attributable to a drop in pH as a result o f the KSF pre­
treated with strong acid.
PAC preparation for the modification o f Al-based clays has been optimised using 
ferron spectrophotometry, and the optimal preparation conditions were as follows: 
the reaction temperature was 30°C, the ageing time was one hour, the basic ratio r 
was 2.0, and NaHCOs was used as a base. After proper modification, Ferron timed 
spectrophotometry was successfully used to examine the A1 species distribution. The
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Al species distribution under the optimal preparation conditions was 43.2% for A1 
monomer, 54.1% for A1 polymeric species and 2.7% for A1 colloidal matter.
The sedimentary natural organic matter (NOM) derived from the Daecheung 
Lake o f Korea was isolated and purified using the acid-base method. The 
characterisation o f resulting NOM revealed that the total organic carbon (TOC) 
quantities o f the extracted humic and fiilvic acids were 2.12 mg and 3.63 mg, 
respectively, per g o f sediment. The fractions o f humic and fiilvic acids extracted 
were 35.7% and 64.3% as DOC, and 69.3% and 30.7% asU V 254-abs, respectively. 
The dominant apparent molecular weight (AMW) in humic acid fractions was >3OK 
daltons based on DOC, UV254-abs, and THMFP, while the dominant AMW in fiilvic 
acid fractions was 30-1 OK Daltons in terms o f DOC, UV254-abs, and THMFP. The 
total SUVA value of humic acid fractions was 0.2669 cm'V(mg/L), which was twice 
that o f fiilvic acid fractions. The high molecular weight fractions o f humic acids 
generally had higher SUVA values. The SUVA and STHMFP values o f humic acids 
were greater than those o f fiilvic acids. Overall, the characteristics o f humic 
substances (HS) derived from • the Daecheung Lake sediment o f Korea were 
consistent with that o f other HS sources.
The comparative performance in the removal of humic acid demonstrated that the 
raw-KSF had the biggest drop in pH, while P7-KSF and raw-KlO showed the 
smallest drop in pH level. The order o f higher turbidity removal may be expressed as 
follows: Al/Fe-KSF > PAC=Fe-KSF > Raw-KSF > AS > FS > Al/Fe-KlO > Fe-KlO. 
The performance at pH 6.5 was greater than that at pH 7.5 in removing the turbidity, 
UV254-abs and colour. Among the metal salt coagulants, the AS and PAC showed a 
good UV removal efficiency o f 92.0% (pH 7.5) and 90.9% (pH 7.5), respectively, for 
a dosage o f 3 mg/L and 5 mg/L. For FS, 99.2% UV-abs removal was achieved at pH 
6.5 at a dosage of above 10 mg/L; however, the FS showed a very low percentage 
removal at pH 7.5. The Raw-KSF showed a very high UV removal efficiency o f 
approximately 98% in a low dose with pH degreasing from 5 to 4. The AS and Al/Fe- 
KSF and Fe-KSF also showed a very high performance of 98% over the doses 
greater than 0.12 mmol/L. Overall, in the treatment of humic acid water, the order o f 
the removal o f UV254 and VIS42o-abs was Raw-KSF (with a great pH decrease) ^  
AS «Al/Fe-KSF «Fe-KSF > PAC «Fe-KlO > Al/Fe-KSF > FS.
The comparative performance in the removal o f fiilvic acid demonstrated that 
metal salts have narrow use range but Al/Fe-clays have broad effective regions for 
achieving a good performance. The overall removal efficiency was higher at pH 6.5 
than at pH 7.5. The order of turbidity removal was raw-KSF > Fe-KSF «Al/Fe-KSF
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> Al-KSF, the order o f UV 254 removal was Raw-KSF «AS ^  FS > Fe-KlO > Al/Fe- 
KSF «Fe-KSF > PAC > Al/Fe-KlO, and the order o f VIS420-abs removal was: AS «  
Raw-KSF >  FS > Al/Fe-KSF «Fe-KSF «Fe-KlO > Al/Fe-KlO > PAC.
Although the raw-KSF had a good performance in reducing UV254-abs and colour 
(Vis42o-Abs), a high leaching of Al^^ concentrations and decreasing pH, when mixing 
with a solution, limits its use in practice of water and wastewater treatment.
Microcystis aeruginosa sp. and Oscillatoria sp. are two dominant algae in 
Korean lakes, particularly in the Daecheung Lake. Microscopic observations 
revealed that Microcystis aeruginosa sp. showed distinct variations in colour, size, 
and physical property according to the duration o f culture. Microcystis aeruginosa sp. 
went through an initial lag phase, which lasted up to seven days, in addition to an 
approximate 7-day exponential phase. From the 15th day. Microcystis aeruginosa sp. 
reached a stationary phase, which was followed by a death phase upon entering the 
25th day. For Oscillatoria sp., their growths were not big differentiated until the 9th 
day of culture. However, they were differentiated from the 12th day o f culture, and 
the chromaticity o f the algae became clear.
A comparative analysis of algae cells counted on a hemocytometer and the 
method o f measuring Chl-a concentrations revealed that the Chl-a concentration 
measurement is a more realistic method of measuring algae content.
Through examinations o f water quality in the period of growth o f Microcystis 
aeruginosa sp., it was found that there were little pH variations in culture media. An 
analysis o f UV254 absorbance allowed for the identification o f the rapidly 
deteriorating water quality of culture media during the exponential phase. In addition, 
the analysis o f SUVA values identified the contaminated organic matter in culture 
media to be a hydrophobic polymeric matter which augments as a function o f 
duration o f culture.
Comparative coagulation results in the treatment o f algae-containing raw model 
water demonstrated that the AS and PFS achieved a 95% turbidity removal, and the 
PAG and PFS achieved more than a 90% Chl-a removal. PFS showed a relatively 
higher DOC removal (about 47%) than other coagulants. The DOC removal 
efficiency o f coagulants was observed in the order of PFS>AS>PAC>FS. For clay- 
based coagulants, the Fe-KSF showed the smallest decline in pH as a function o f 
coagulant dosage, while Al/Fe-KSF and KSF showed the largest decline in pH. The 
Raw-KSF and P-KSF achieved a 95% turbidity removal over entire dosages. 
Whilst Al/Fe-KSF and Al-KSF achieved 87-100% turbidity removal for a dosage 
range of 200 to 600 mg/L, the efficiency decreased when the dose was greater than
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600 mg/L. The order o f turbidity removal was P-KSF > raw-KSF > Fe-KSF > Al- 
KSF > Al/Fe-KSF.
The Al-KSF showed an almost 100% Chl-a removal for a dosage greater than 
600 mg/L, the Raw-KSF showed 98% and the Al/Fe-KSF 96-98% Chl-a removal 
over the entire dosage range. Other coagulants also had 93-98% Chl-a removal for 
all doses. In terms o f DOC removal, the raw-KSF, Al-KSF and P-KSF showed no 
DOC removal (0%), while Al/Fe-KSF and Fe-KSF even increased DOC by an 
average of 34% to 44% over the entire coagulant dosages.
The Al/Fe-KlO, Fe-KlO and Al/Fe-KlO clay coagulants showed a large decline in 
pH as a function o f coagulant dosage, while P-KIO, Raw-KlO and Al-KlO showed a 
relatively small decline in pH. The alkalinity consumption increased almost linearly 
in proportion to the coagulant dosage. Alkalinity consumption was observed in the 
order o f Fe-KlO > Al/Fe-KlO > Al-KlO > KIO > P-KIO. In terms o f the turbidity 
removal, both Fe-KlO and P-KIO achieved better performance; about 97% for a dose 
greater than 600 mg/L or 96-97% for a dosage ranging from 200 'to 800 mg/L. The 
Raw-KlO was found to have no turbidity removal function. Almost all the coagulants 
achieved an 81% or higher Chl-a removal. In particular, P-KIO showed a 96% or 
higher Chl-a removal over the entire dosages. In the light o f DOC removal, the Al- 
KIO increased the DOC concentration by 30%. Other coagulants showed a very low 
DOC removal.
In the treatment of car washing wastewater, polymeric Fe-KSF, Fe-KlO and Al- 
KIO achieved the highest oil removal efficiency; for a low dose o f clay, 200 mg/L 
(equivalent to a metal dose o f 0.06 mM as metal), the Fe-KSF, Fe-KlO and Al-KlO 
removed 95% of oil, but for the same metal dose, PAC removed only about 80%. The 
polymer (P7) modified KSF coagulant achieved the greatest removal o f suspended 
solids and COD in comparison with the PAC and other clay-based coagulants.
These findings in this study led me to conclude that montmorillonites KSF and 
KIO can be modified with the mixing polymeric Al/Fe species or a cationic polymer. 
The resulting modified clay coagulants possess the specific properties to enable them 
to react with particles, organic constitutes and oils. Thus they can be used as 
coagulants for treating NOM, controlling algae and remediation o f car wash 
wastewater. The modified clay coagulants are thus representing a new type o f 
coagulant having high potential in the treatment of various waters and wastewaters.
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Appendixes can be found in the attached CD, which contains following: 
Appendix 1. The turbidity measurement method
Appendix 2. All raw data o f XRD, XRF, FT-IR and ICP analysis for various clays
Appendix 3. All raw data o f NOM removal
Appendix 4. All raw data o f algal removal
Appendix 5. All raw data o f car wash wastewater treatment
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